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FOREWORD

This handbook was prepared by the U. S. Army Management
Engineering Training Agency under the technical direction of

the Quality Assurance Directorate, Headquarters, AMC. It is
intended to serve as a guide for project and commodity managers
and professional personnel in the planning, direction, and mon-
itoring of reliability programs. While nct regulatory in nature,

the material in the handboock is applicable to hoth in-house and
contracted-for effort.

The format of the handbook is such that there are seven basic
chapters with appendixes topically aligned to each., The material
in the chapters is in narrative form and provides a simple,
straightforward approach to the life cycle aspects of reliability
without reaorting !to language of a mathematical or highly technical
nature, Included in each chapter are topics which should be con-
sidered fur that phase of the reliability program in the product
life cycle. The discussion which follows each of these topics
contains a brief explanation to provide guldance for the develop-
ment, monitoring, or evaluation of reliability as it pertains to
that element of total system performance.

The appendixes contain technical discussions and mathematical
treatments of techniques as they apply to the narrative in the
chapters. Examples, applications, and solutions are included.

It is felt that this twofold approach to the subject lends itself

to use by the manager and/or generalist, as well as the practitioner.
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CHAPTER 1
INTRODUCTION

Section I. RELIABILITY AS A PROGRAM ELEMENT

1-1. The importance of reliability te system effectiveness. a. Relia-
bility is defined as the probability that an item”’ will perform its intended
function for a specified interval under stated conditions. As it relates to
Array systerns, equipments, components, and parts, reliability is one of
the important characteristics by which the usefulness of an item is judged.

b, Uscfulness is measyv . i in terms of an item's effectiveness
for its intended role; therefore, wcliability is one of the important param-
eters contributing to effectiveress, As roles and mission requirements
beccme more sophisticated, iterns becorne more complex in the functional
configuration necessary to satisfy increased performance requirements.
As 1tem complexity increases, reliability invariably becomes more prob-
lematical and elusive as a design parameter, and thus more difficult to
assurc as an operational characteristic under the projected conditions of
usce, These difficulties can never be completely eliminated, but may be
reduced by means of the cstablishment and implementation of sound re-
liability program activities,

¢. 1tis also now recognized that with the exercise of very de-
liberate and positive reliability engineering methods throughout the life
cycle of the item--from the early planning sta ;es through design, devel-
opment, production, and field use--the teasi_.e reliability level can
usually be attained. Like other systern characteristics, reliability is a
quantitative characteristic: predictable in design, measurable in test,
controllable in production, and sustainable in the field. It follows that
reliability may be achieved by introducing sound monitoring practices
with corrective action criteria at key points throughout the life cycle.

l In this document, the words item, equipment, and systemn are used

interchangeably.

T I IRUR PR

At




AMCP 702-3

1-2. Purpose and scope of the handbook. a. This handbuok provides
procedures for the definition, pursuit, and acquisition of required re-
liability in Army systems, equipments, and components. The methods
presented are generally applicable to all categories of items, including
electronic, electromechanical, mechanical, hydraulic, and chemical.
However, examples chosen {o illustrate the application of specific pro-
cedures are drawn largely from experience with electronic and electro-
mechanical systems because of the availability of documented experience
with these systems.

b. The document is not intended to provide detailed instructions
relative to ar.y specific program or equipment, but is intended to 1ill
three basic needs within the Army and its contractor facilities,

(1) Project management. General guidance for the imple-
mentation of selected reliability program functions at appropriaie points
in the item life cycle.

{(2) Project engineering. Discussion of some procedures
useful to the engineer in the actual performance of these reliability pro-
gram functions.

(3) Design engineering. Identification of some important
principles affecting reliability and some analytic techniques for predict-
ing and measuring the reliability of a given design configuration.

1-3. Reliability as a growth process. a. As an item proceeds through
the stages of the life cycle, reliability should be periodically predicted or
estimated. These values, when plotted at selected points in the life cycle,
result in a growth curve which reflects comparative reliability levels.
This growth curve provides a source of information useful to decision
rmakers relative to actiocns affecting reliability. Figure 1-} indicates the
relationship between certain key monitoring activities and a typical re-
liability growth curve. The slope of an actual reliability grewth curve

is dependent upon interactions among effectiveness characteristics.
Consequently, a curve generated during a specific prcgram may exhibit

a pattern of growth different irom that shown in figure 1-1.
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b. Desirable reliability growth results from planning, design-
ing, testing, producing, and ultimately using the product according to a
set of effectiveness-oriented procedures. Lack of reliability growth
may result from overlooking or disregarding these same procedures at
any single point in the growth process,

1-4. Organization and use of the handbook. Figure 1-2 identifics
applicable chapters within the handbook corresponding to major relia-
bility functions to be performed throughout the life cycle of a system.
The figure may also serve as a basic checklist of things to be done in
pianning a new program. Not all of these functions are applicable for
all materiel items, e.g., those items for which a Research and Tech-
nology Résumé (DD Form 1498) is used instecad of a Technical Develop-
ment Plan (’I‘DP).2

CHAPTER/APPENDIX
RELIABILITY FUNCTIONS 1/Al2/F[3/C13/D5/EJ6/E]7/G
Determination of feasibility X
Documentation of requirements X] X 1 X
Preparation of RFP X1 X 1X
Evaluation of proposal X1 X
Prediction of reliability level X
Apportionment of reliability goals X
Formulation of design X
Conduct of design review X
Conduct of test and evaluation X X1 X
activities
Conduct of failure analysis X
Utilizaticn of 2 data fcedback system X
Conduct of appropriate training X
Planning a reliability program X | X
Monitoring a reliability program X
Managing a reliability program X 11X
Figure 1-2

Reference Index for the Performance of
Some Specific Reliability Functions

2Where Technical Development Plan is used in this Pamphlet, System
Development Plan (SDP) is also included.

1-4
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Scction II, RELIABILITY DOCUMENTS APPLICABLE TO THE
MATERIEL LIFE CYCLE

1-5, The materiel life cycle, a. For purposes of discussion, the
materiel life cycle is broken into the following six phases;

(1) Conceptual phase. The life cycle is initiated by a state-
ment of general need for a particular capability. The general objective
of this phase is to establish a feasible technical approach for satisfying
the general requirerments, to evaluate whether a specific approach is
worth pursuing, or whether the military requirement should be satisfied
in another manner. If the approach is found to be worth pursuing, the
conceptual phase should:

(a) Provide explicit definition of effectiveness for the
particular item under consideration; and

(b) Provide guidelines for item refinement in the defi-
n:tion phase.

(2) Definition phase. (a) During the definition phase, the
detailed cost, schedule and technical design requirements of a program
are defined and validated prior to development and production. Tech-
nological advances resulting from the conceptual phase are translated
into design requirements to be met during development and production.

(b) The definition phase serves to refice the system
definition tu subsystem level based on the guidelines established during
the conceptual phase. Thus, it cuhances the probability of successful
accomplishment of these requirements and allows development to pro-
ceed with minimum change. This phase provides the inputs to a request
for proposal and the resulting contractor competition for development.

(3) Development phase. The development phase is the
period during which design engineering and testing is performed to come
up with an end item which satisfies the military requirement, The main
product of the development phase is documentation of information for use
in production of the end item for ficld use. Items produced during this
phase generally serve to test the effectiveness of the research and the
validity of the data. The design and configuration is determined during
this phasec, and the inherent reliability is established. Inherent relia-
bility refers to the achievable reliability of the equipment under ideal
environmental conditions.

1-5
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{4) Production phase. The production phase utilizes the
technical data package formulated during the development phase to
produce, manufacture, and make engineering changes to the item
under consideration. This phase includes production testing and
arranging for facilities and logistic support,

(5) Operational phase. This phase is characterized by re-
build, supply, training, maintenance, and materiel readiness operations
while the system is being utilized by an operational unit. It is here
that the results of all prior effort is put to the test in the field. How-
ever, this phase is not independent of preceding phases; e. g., inherent
reliability established in design can be realized only if support activities
are performed as specitied. Feedback data from this phase can be uti-
lized for improving reliability, either by engineering changes in the
present systemn or in the development of new systems.

(6) Disposal phase. This phase is inciuaed in this doc-
ument to complete the life cycle. It has to do with the removal of obsolete
items from the inventory and consequently has little intluence on reliability.

b. The major reliability system life cycle considerations are
shown in figure 1-3.

¢. A great many documents support the overal: Army reliability
program. These are intended to give assurance that each item ultimately
satisties the need initially anticipated. Figure 1-4 shows many of the doc-
uments related to the appropriate considerations in figure 1-3,

d. Some of these documents identify certain engineering or man-
agement procedures, test plans, and data requirements which are needed
to tulfill contractual requircments, Similar requirements are implicitly
defined in others. In general, they impose a responsibility upon the proj-
ect otfice, contractor, or contracting agency to do certain things to assure
ultimate realization of required reliability in the field. References which
supplement the contents of the documents are identified in the documents
themselves, Figure 1-5 is an abbreviated docurment directory. Opposite
each document identification number are indicated those sections of this
handbcok that relate to these requirements,

1-6
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RELIABILITY
DEFINITION

CONCEPY & PLARNING

FEEOBACK

LVALUATION

D"El"l("

PIMUCNQI FIELD USE

() RELIABILITY PROGﬂAH ACTIVITIES

@ NEED f{for reliability must be anticipated.

Qualitative Materiel Requirements (QMR) or Small
Development Requirements (SDR) must reflect this need.

Plans must be formulated to fulfill the reliability need, such
as: (a) Reliability requirements defined and specified; (b) Reliability
program plan formalized; (c) Requests for proposal (RFP) ard contracts
documented.

@ Reliability program is implemented: Reliability is monitored
continuously.

Conceptual item is designed: Reliability is assessed in de-
sign review; design is revised to correct deficiencies; reliability is
designed in by regquirement.

Prototype is developed according to the design: Reliability
is evaluated by test; design is refined to correct deficiencies; reliability
is validated by demonstration when practical.

@ Item is produced: Parts, materials, and processes are
controlled; equipment acceptability is determined by test.

Item is deployed to the field: Operators and maintenance
technicians are trained; operating and maintenance instructions are
distributed; reliability is sustained by procedure,

Item 1s evaluated to determine that the original need is met,

@ Feedback loop completes the cycle: (a) to guide product im-
provements; (b) to guide future development planning; (c}) to correct field
deficiencies.

Figure 1-3
Reliability Considerations in the Matericl Life Cycle
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CIRCLED NUMBERS CORRESPOND TO THOSE IN FIGURE 1-3
ODOOOWOOOOG
i 1 1 i |

AR 705-5

MIL-STD-756A
4120.3-M (AR 715-10)

MiL-HDBK-217A
MIL-STD-781A
MIL-STD-105D
MIL-STD-414
MIL-STD-1235
H108

TR-3

TR-4

TR -6

TR-7

MIL-STD-690A
MIL-STD-790A

MIL-STD-785
AR 705-50
AMCR 700-15
MIL-STD-721B
MIL-Q-9858A
AMCR 702-8

Figure 1-4
Documents Appiicable to Materiel Life Cycle
Reliability Considerations

Note. See section V for document ritles.
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Figure 1-5 "
Ready-Reference Index for Compliance with Specified Documents '
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Section III. RELATIONSHIP OF RELIABILITY
TO SYSTEM EFFECTIVENESS

1-6. System effectiveness. a. The worth of a particular item is
determined primarily by the effectiveness with which it does its job.
Many characteristics, including reliability, contribute to system (item)
effectiveness. For purposes of discussion, effectiveness-related charac-
teristics may be grouped into three general categories:

(1) Those affecting response to a misgsion call.
(2) Those affecting endurance of item operation,
(3) Those comprising terminal results of the mission.

b. The contributions of these categories may be rcferred to as
availability, dependability, and capability, respectively, (sce figure 1-6).
Then system effectiveness may be expressed as a function of availability,
dependability, and capability.

(1) Availability is a measure of the degrece to which an item
is in the operable and committable state at the start of the mission when
the mission is called for at an unknown (random) point in time,

(2) Dependability is a measure of the item operating condi-
tion at one or more points during the mission, including the effects of
reliability, maintainability, and survivability, given the item condition(s)
at the start of the mission, It may be stated as the probability that an
item will enter or occupy one of its required operational modes during
a specified mission and perform the functiions associated with those
operational modes.

(3) Capatility is a measure of the ability of an item to achieve
mission objectives, given the conditions during the mission,

i a3 mastb ettt s sotsiiacs ittt
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SYSTEM EFFECTIVENESS

-1
|

DEPENDABILITY CAPABILITY

AVAILABILITY

"How Often” "How Long" "How Well”

Figure 1-6 »
Delinition of Systemn Effcctivencss”

¢. Other racvors, such as time, cost, and logistic supporta-
bility, enter into an cvaluatior of an item during systam pianning,
Within the constraints imposed by such factors, cffectiveness should be
optimized by judicious balance among the characteristics comprising
availability, dependability, and capability, takiug care not to stress the
importance of one at the exclusion of the others.,

d. Reliability is an important part of the cffectiveness moael,
especially in availability and dependability. With reference to availa-
bility, reliability pertains to the environment to which an item 1s sub-
jected while awaiting initiation of its primary mission; e.g., silorage,
temporary use, war gamecs, etc. As a contributer to dependabiiity,
reliability concepls pertain to the environment to which the item is
subjected during its primury mission,

e. The descriptors, availability, dependability, and capability,
have been chosen for discussion of effectiveness. Other system effec-
tiveness approaches have been formulated using different descriptor
categories.

3,The approach used here is that of WSEIAC Committce Reports,4
%See footnote 7, page 1-i7.
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Section IV. QUANTITATIVE DESCRIPTION
OF A RELIABILITY LEVEL

1-7. Definitions of reliability. a. The reliability of an item is de-
fined as the probability that the item wiil perform its intended function
for a specified interval under stated conditions. When applied to a spe-
cific equipment or system, reliability iz frequently defined as:

{1} The probability of satisfactory performance for specified
time and use conditions; or

(2) The probability of a successful mission of specified dura-
tion under specified use conditior.s; or

{3) The probab:ility of a successful event under specified
conditions. This definition is particularly applicable to nontime depend-
ent items.

b. Whenever the definition is worded to {fit a particular item or
device, it is always necessary to:

(1) Relate probability to a precise definition oi success or
satisfactory performance;

(2) Specify the time base or operating cycles over which
such performance is to be sustained (except for nontime dependent items
such as vne shot devices); and

(3) Specify the environmental or use conditions which will
prevail.

1-8. Reliability descriptors. A reliability level, and altimately a re-
liability requirement, may be stated by using various descriptors. Any
of the following may be used to specify a reliability requirement for a
given mission time.

a. Both mission time and the reliability associated with that
mission time; (i.e., the probability that the equipment will not fail dur-
ing the required mission time). Such a requirement statement reflects
the reliability definition,
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b. Mean time betwecen failures (MTBF).? This descriptor
reflects a specific reliability level only if the relationship6 between
MTBEF and reliability level is known. If different relationships apply
to two items, it is highly likely that the same MTBYF for both items
will reflect different reliability levels. Thus, MTBF skould be used
with caution to express recliability requiremernts.

c. Failure rate, Failure rate may be used tc express relia-
bility requirements with the same type of precautions described for
MTEF.

d. Probability of properly performing a specific function.
This descriptor is usefuil 1or expressing reliabilily requirements tor
nontime dependent items,

Section V. DOCUMENTS APPLICABLE TO THE
ARMY RELIABILITY PROGRAM

1-9. Synopses of reliability documents. A brief synopsie for each of
the documents shown in figure 1-4 follows.

a. AR 705-50, Army Materiel Reliability and Maintzinability,
Sets forth concepts, objectives, respcnsibilities, and general policies
for the Army reliability and maintainability program. This regulation
identifies reliability and maintainability characteristics which must be

specified for the design of materiel and must be considered and assessed
throughout the life cycle.

b. MIL.STD-785, Requirements for Reliability Program (for
Systems and Equipments). Provides general requirements for relia-
bility programs, as well as guidelines for the preparation of reliability
program plans. Particular attention is dirvected toward the topics of
numerical reliability objectives and minimum acceptable requirements,
Approval of or deviation from the proposed reliability plan, preplanned

SFor nonrepairable items, mean time to failure (MTI) may be used in
lieu of MTBF. These terms are frequently used interchangeably.

6This relationship depends uvpon the probability distribution function
of failure times. Some important probability distribution functions are
summarized in appendix A,
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program review check points, itemization of government-furnished or
contractor-supplied equipment, which is to be integrated to provide a
complete operational system, are also emphasized. In addition, human
engineering design criteria reference documents, a list of items to be
included in failure report [orm, milestones at which demonstration is
to be performed, and the reliability test plan are included,

c. AMCR 700-15, Reliability Program for AMC Matericl.
Establishes policies, procedures, and responsibilities concerning a re-
liability program for Army materiel, Included is a listing of e¢ssential
factors to be considered in a reliability program, as well as essential
phases during which reliability actions must be taken.

d. MIL-Q-9858A, Qualiiy Program Requirecments. Specifics
requirements for an effective and economical quality program, planned
and developed in consonance with the contractor's other administrative
and technical programs, Design of the program shall be based upon
consideration of the technical and manufacturing aspects of production
and related engineering design and materials,

e. MIL-STD-105D, Sampling Procedures and Tables for
Inspection by Attributes. Provides tabled acceptance sampling plans
and general procedures for deciding whether a lot of components, sub-
systerms, systems, etc., have an acceptable percentage defective when
compared to specification limits or goals, Specification of a mission
profile allows for usage for reliability acceptance plans.

f. MIL-STD-414, Sampling Procedures and Tables for Inspec-
tion by Variables for Pcrcent D2fective. Provides general procedures
and sampling plans for determining acceptance of lots when guality is
based on a characteristic which is measured on a continuous scale, and
the measurements and the underlying distribution are normal. These
plans may be applied to reliability tests if a mission time is specified.

g. MIL-STD-721B, Definition of Effectiveness Terms for
Reliability, Maintainability, Human Factors, and Safety. Defines terms

commonly used in reliability, maintaipability, human factors, and
safety.
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h. MIL-STD-756A, Reliability Prediction. Establishes uni-
form procedures for predicting the quantitative reliability of aircraft,
missiles, electronic equipment, and their subdivisions early in the
development phases, to reveal design reliability weaknesses and to
form a basis for apportionment of reliability requirements to the
various subdivisions of the item. Graphically portrays the effects
of system complexity on reliability to permit the early prediction of
tolerance and interaction problems not accounted for in the simple
multiplicative case, and provides appropriate factors by which to
adjust MIL-HDBK-217A predictions for airborne and missile environ-
ments.

i. MIL-STD-781A, Reliability Tests, Exponential Distribution.
Qutlines a series of test levels and test plans for certain reliability
acceptance tests and longevity tests. The test plans are based upon the
exponential {or Poisson) distribution.

i.  MIL-STD-69CA, Failure Rate Sampling Plans and Proce-
dures. Provides procedures for failure rate qualification sampling
plans for establishing and maintaining failure rate levels at selected
confidence levels and lot conformance inspection procedures associated
with failure rate testing.

k. MIL-STD-79CA, Reliability Assurance Program for Elec-
tronic Parts Specifications. Provides the controls and procedures a
manufacturer must establish and continue to maintain in order to qualify
parts to an established reliability level,

L. MIL-STD-1235, Sampling Procedures and Tables for Con-
tinuous Inspection by Attributes. Provides tabled acceptance sampling
plans and general procedures for use where disposition of product is
made on a unit-by-unit basis and production/rebuild is on a moving line.

m. AR 705-5, Army Research and Development. Specifies
responsibilities and establishes policy and procedures for conducting
research and development in the Department of Army. These proce-
dures are ciassified into the three major categories of research, de-
velopment, and special instructions pertaining to nuclear energy.
Appendixes are included regarding the format for submitting QMR's
and SDR's,
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n. AMCR 702-8, Reliability Record and Status Report, Pre-
scribes policies, procedures, and responsibilities for the preparation
of quarterly recports on item reliability throughout the entire life cycle.

o. 4120.3-M (AR 715-10), Defense Standardization Manual,
Establishes format and general instructions for the preparation of
specifications, standards, handbooks, and maintecnance manuals.

p. MIL-HDBK-217A, Reliability Stress and Failure Rate Data
for Electronic Equipment. Provides the procedures and failure rate
data for the prediction of part-dependent equipment reliability from
stress analysis of the parts used in the design of the equipment, Must
be used according to procedures outlined in M1L.-STD-756A for esti-
mates of MTBF and reliability at the system level, and to account for
tolerance and interaction failures, and to adjust for the particular use
environment,

g. HI108, Sampling Procedures and Tables for l.ife and Relia-
bility Tcsting (Based on Exponential Distribution). This document
describes the general principles and outlines specific procedures and
applications of life test sampling plans for determining conformance
to established reliability requirements, assuming failure times to be
exponentially distributed,

r. TR-3, Sampling Procedures and Tables for L.ife and Relia-
bility Testing Based on the Weibull Distribution (Mean lL.ife Criterion' S
Provides procedures and tables of life test sampling plans for deter-
mining conformance to established reliability requirements (in terms
ot mean lifc) where the Weibull distribution describes failure times.

S. I'R-4, Sampling Procedures and Tables for l.ife and Relia-

bility Testing Based on the Weibull Distribution (Hazard Ra:e Criterion).8

Provides procedures and tables of life test sampling plans for deter-
mining conformance to estaklished reliability requirements (in terms
of hazard rate) where the Weibull distribution describes failure times.

t. TR-6, Sampling Procedures and Tables for Life and Relia-

bility Testing Based on the Weibull Distribution {Reliable Life Criterioni. 8

Provide- procedures and provides tables of life test sampling plans for
determining conformance to established reliability requirements (in
terms of reliable life) where the Weibull distribution describes failure
times.

1-16
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u. TR-7, Tactors and Procedures for Applying MIL-STD-105D
Sampling Plans to l.ife and Reliability Testing.® Provides a procedure
and centains related tables of factors for adapting MIL-STD-105D
sampling plans to reliability acceptance tests. The underlying distri-
bution of failure times is assumed to be Weibull,

Section VI, SUMMARY

1-10. Elements of reliability achievement, a. The pursuit and ac-
quisition of reliability objectives requires that management:

{1} Acknowledge and strive to attain established item
cifectiveness.

{2) Know and define the level of reliability desired.

(37 Recognize the disparity between the desired reliability
level and that level which will probably be achieved unless proper con-
trols are exercised to influence the reliakility growth process.

(4) Understand the application of available approaches by
which controlled reliability growth may be assured.

b. The remaining chapters of this document outline some of
the planning considerations and describe some of the procedures that
can be fruitful, both in the achievement of required reliability in speci-
fic programs and in the eval uation and monitoring of reliability on a
program-wide basis throughout the system life cycle.

TFinal Report of the Weapon System Effectiveness Industry Advisory
Committee (WSEIAC). The documents listed below are available from the
Defense Documentation Center, Cameron Station, Alexandria, Virginia
22314,

AFSC-TR-65~1, Requirements Methodology (AD-458453).

AFSC-TR-65-2, Prediction Measurement (3 volumes)

(AD-458454, AD-458455, AD-458456).

AFSC-TR-65-3, Data Collection and Management Reports (AD=458585).
AFSC-TR-65-4, Cost Effectiveness and Optimization (3 volumes)
(AD-458595, AD-462398, AD~458586).

AFSC-TR-65-5, Management Systems (2 volumes)

(AD~461171, AD-461172).

AFSC-TR=65-6, Chairman's Final Report (AD-467816),

8See footnote 1, page F=57.
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CHAPTER 2

RELIABILITY PROGRAM REQUIREMENTS,
PLANNING, AND MANAGEMENT GUIDE

Section I. INTRODUCTION

2-1. General. a. Project and commodity managers are charged
with the responsibility for delivering reliable systems to the field.
This responsibility can be fulfilled only by giving due consideration
to all characteristics, including reliability, in the early planning and
feasibility study stages and continuing with a comprehensive program
throughout the entire materiel life cycle, However, some programs
do not provide adequate reliability control or monitoring prior to the
operational phase, By then, it is usually too late to make modifica-
tions for improvement, since:

(1) The equipment is needed now for operational use (de-
velopment time has been cxhausted); and

(2) The money invested is too great to be written off because
of poor reliability. Often it is considered more expedient to add funds
in a desperate attempt to make nroduct improvement.

b. This chapter sets forth reliability program activitics deemed
vital to development and production programs ir general. Emphasis is
placed upon reliability program planning, monitoring, and management
review procedures. Appendix B contains a network diagram comorised

P

of a suggested list of milestones for monitoring a reliability program.
Among the primary purposes of a reliability program are-

(1) Focusing engineering and management attention on the
reliability requirements;

(2) Insuring that reliability is treated as a design param-
eter of equal importance with other effectiveness parameters; and
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(3) Alerting management, throughouvt the program, to
reliability discrepancies which may require management decisions.

¢. An adequate program must contribute to, and guide, an
orderly and scientific approach to designing for reliability. It must
help contractors and individuals overcome a lack of recognition that
reliability must be a designed-for parameter with practical limita-
tions. It must foster the realization that good conventional design may
not result in the inherent reliability required to satisfy the Army.

d. A reliability program will not necessarily increase the
effectiveness of an equipment, but an effectively monitored program
will not permit an inadequate design to proceed into development,
test, production, and field use without specific management approval.
It is this effective moanitoring that assists preoject and commodity
managers to assess and pinpoint potential reliability probleins in
time to make adjustments,

e. The concept of a total reliability program, as generally
endorsed by the DoD, has four major points:

(1) Quantitative requirements are stated in the cortract
or design specifications.

(2) A reliability progr‘/"am is established by the contractor,

(3) Reliability progress is monitored or audited by the
responsible Army agency,

(4) Realistic requirements are stated in the Qualitative
Materiel Requirements (QMR) and that they are included as one of
the necessary requirements to be fulfilled for successful passing of
acceptance tests. This applies to prototype or demonstration models
prior to production approval and to production samples.
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Section II. RECOMMENDED CONTRACTOR PROGRAM

2-2. General, Of specific interest is the reliability program re-
quired of the contractor. Those activities which experience has shown

contribute to an orderly and scientific approach to designing for relia-
bility are discussed below.

2-3. Reliability organization. The reliability function should be
an integral part of the overall contractor organizational structure,
Considerations for this function should include:

a. Proper placement within the overall organizational struc-
ture so as to nave proper authority and cffectivity.

b. Clear identification cf the personnel responsible for manag-
ing the reliability program.

c. Clear definition of responsibilities and functions of those
directly associated with reliability policies and implementation,

d. Integration of such functions as engineering, manufacturing,
quality, and reliability,

2-4. Reliability management, control, and monitoring activities.

a. Management and control, The management of the reliability
group should establish policies and maintain control of reliability func-

tions, To assure these functions, the reliabilily program plan should
include:

(1) Description of all tagsks to be performed with a de-

tailed list of specific tasks, including implementation and control
procedures,

(2) Clearly defined authority and responsibility for carry-
ing out each task,

(3) S8chedule of activities indicating rnajor milestones

(network diagram) and estimates of manpower, equipment, facilities,
tirne, and cost.
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{4) A methad for identification, effect analysis, and ;
courrective actions for potential problems, :

b, Contractor-established rcliability monitoring activity,
This activity provides analysis of reliability status relative to re-
quirements, weaknesses, and follow-up on corrective action, Docu-
mentation of reliability assurance and monitoring procedures, such
as checklists and instructional material normally uscd by the con-
tractor, should be maintained so as to clearly delineate approach
used and results obtained, and should be available {or review by the
procuring agency, !

2-5, Program review, Contractor and procuring agency provisions
for review of the reliability program status should include:

a. Establishment of major review points by procuring agency
at time of program planning.

b. Criteria and information to be used for assessment of re-
liability progress.

c. Identification of the responsible group for carrying out the
reviews.

2-6, Development testing. A main purpose of development testing

is to determine how well design reliability requirements have been
met and with what degree of confidence. Among the considerations
necessary to accomplish this is a planned program, including:

a. Environmental tests based on extreme stress conditions.

b. Test-related procedures, including provisions for non- ¢
specified environmental criteria, nonavailable testing data, record
keeping and a listing of items having critically limited useful life,

2-17. Integrating equipment. The rcliability program plan should

include provisions for use of equipment supplied by the government
or other contractors. For such equipment, consideration must be
given to:

KR
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a. Usc of known or estimated reliability values,
b, Procedures for getting such data, if not available,

¢, Procedures for Lana:ing of pot=nrial reliability problemy
introduced by such egnipmenrt.

2-8, Parts reliability improvement. The reliability plan should
include procedures for identifying those parts, if any, nceding im-
provement and for accomplishing the necessary irnprovement. De-
ficiencies in MIL-Specificatiors ur inadequate parts rcsulting from
such specifications should be reported.

2-9. Critical items., Procedures should be ecstab'ished for identify-
ing and providing for critical items. Critical iiems are those:

a. The failure of which would prevent siutisfactory oneration

of the system (of which it i{s a part) or create unwarranted safety
hazards; :

b, Which arec of sufficient complexity to warrant specizl pro-
duction techpiques ¢r cont>ols; ‘

c. Which require special treatment or handling during trans- p
FOort or storage;

d. Which impose a heavy maintenance and supply supnort
burden; or

¢, Which have a long production lead time.

2-10. Apportionment, prediction, and mathematical models. a. Meth-
ods sheould be established for developing mathematical inodels based
on iunctiona) analysis {or apportionment and prediction of reliability,

b. These models coften provide the basis for periodic analy-
ses of reliahility ackievement. These analyses should be scheduled

to coincide with i=chnical progress reporting requirements established
by the contractor ard should consider:
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(1) Reliability estimates based on predictions and test
data.

(2) The relationship between present reliability status
and schedule progress.

{3) The changes in concepts and approaches that are
necessary to accomplish the contract objective.

(4} The cffects of changes made in design and manufactur-

ing metheds since the previous analysis,

(5) Criteria for success and failure, including partial
successes (degraded operation) and alternative modes of operation,

(6) Production tolerances and techniques, including
assembly test and inspection criteria and test cquipment accuracics,

(7) Specific p: :blem areas and recommended alternative
approaches.

2-11. Contractor design reviews. Engincering design review and
evaluation procedures should include reliability as a tangible epera-
tional characteristic of the equipment, assembly or part under review.
Among reliability considerations during design reviews are:

a. Review of current reliability estimates and achievements
for each mode of operation.

b.  Review of potential design or production problem arcas,
¢. Analysis of mode(s) and efiectis) of failure,

d. Identification of the principal items inhibiting reliability
achievernent and proposed solutions.

e. The cffects of engineering decisions and trade-offs upon
reliability achievement,

2-6
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f. Procedures to assure that rppropriate personnei from
the reliability organizations participate in the design reviews.

. Documentations of design review results.

2-12, Subcontractor and supplier reliability programs. Provisions
should be established to insure that subcontiractors and supplier
sclection and performance are consistent with the <liability require-
ments of the contract. The prime contracter st extend the scope
of his reliability program t© he monitoring and control of subcon-
tractors and suppliers. C¢ ulerations here are.

a. Incorporation o: reliability requirtements in subcontractor
and supplier procurement documents,

b, Provision for assessment of reliability progress, includ-
ing qualification and acceptance testing of incoming products.

¢. Adequate liaison to insure compatibility among supplier
products to be integrated into the end item.

d. Initial selection procedures for subcontractors and
suppliers, which consider--in relation to the requirements--past
pertormance, willingness to test and share test data, interest and
response on feedback of deficiency information, test philosophy,
and realism of cost and delivery schedules,

2-1%  Reliability inloctrination and training. Provisions should be
made to include reliability in the basic training and indoctrination of
personnel with consideration given to:

a. Purpose, i.e., improvement of skills.

b. Skill level of perscnnel to be trained, e, g., manager,
engineer, technician or worker,

c. Methods of instruction.

T
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2-14, Statistical methods. Statistical analysis is a part of relia-
bility aseessment activities. The reliability plan should fully describe
appropriate statistical techniques and where in the life cycle they are
to be used.

2-15. Trade-off considerations. The prime purpose of any hardware
development program is to get an effective item: to the field. Fulfill-
ment of this objective requires that the reliability plan provide for
potential trade-offs between reliability and other disciplines, such as:

a. Maintainability.

b. Safety and human engineering ,

c. Design configuration,

d. Production.

e. Cost and schedule .
2-16. Effects of storage, shelf life, packaging, transportation,
handling, and maintenance. Provisions to prevent degrading relia-
ecility by improper storage, packaging, shipping, handling, and

maintenance of parts, units, subsystems, and systems should be
established. The plan should include procedures for:

a. Periodic inspection and tests to determine effects of
storage, shelf life, packaging, transportation. handling, and main-
tenance on the reliability of the product,

b. Identification of major or critical characteristics of
items which deteriorate with age, environmental conditions, etc.

¢. Maintenance or restoration of equipment.

2-17. Manufacturing controls and monitoring. Manufacturing con-
trcls and monitoring are required to assure that the reliability achieved
in design is sustained during production. Detailed consideration should
be given to:
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a. Integration of reliability requirements into production
process and production control specifications.

b. Production environments induced by handling, transport-
ing, storage, processing, and human factors.

c¢. QQuality standards trom incoming piece-part inspections.

d. Calibration and tolerance controls for production, instru-
mentation, and toolin

e, Integration of reliability requirements and acceptance
tests into procurement activities,

f. Identification and correction of production control dis-
crepancies,

g, Production change orders for compliance with reliability
requirements.

h. Life tests of production samples to verify quality standards.

2-18, Failure reporting, analysis, and corrective action, A for-
malized system for the reporting, analysis, correction, and data
fcedback for all failures should be a part of the contractor reliability
program. A mechanism for faiiure data feedback to engineering,
management, and production activities in accordance with contractual
requirements is an integral part of such a program. Complets re-
porting provides data on such things as accumulated operating time,
on-off cycling, adjustments, replacements, and repairs related to
each system, subsystem, component, and critical part. The analysis
of all failure rcports by an analysis team formally designated by
management determines the basic or underlying causes of failures

in parts, assemblies, and end items. These results provide for
assignment of corrective action and follow-up responsibilities,

2-19, Reliability demonstration. a. A plen should be included for
demonstrating achieved reliability at specified milestones, A demon-
stration plan normally includes:

2-9
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(1) Number of test articles.

(2) Accept/reject criteria (or other quantitative decision
criterial.

(3) Confidence levels,

(4) Subsystem vs. system level testing.
(5) Plans for handling of invalid data.
(6) Duration of test.

(7) Condition of test.

b, Provisions for periodic and final reports of demonstra-
tion results as specified by the procuring agency are a necessary
part of such a plan.

c. Reliability demonstration tests are, in general, statis-
tically designed experiments with consideration given to confidence
levels and experimeatal error. Unless proof of adequacy can be
substantiated by other available data acceptable to the procuring ac-
tivity, all items of equipment of higher order designations should be
tested in order to veri{y that reliability is achievable with the pro-
posed design. If it is not, problem areas which prevent itsg attainment
should be isolated and defined. The test program should include tests
of questionable areas where reliability experience is not available,
particularly new or unique concepts, materials, and environments.

d. The extent of the test program is determined by weighing
the cost of testing against the degree of assurance required that the
product will have a given level of reliability.

e. In addition to those tests performed specifically for re-
liability demonstration, all formally planned and documented tests
which are performed throughout the contract period should be evaluated

from a reliability viewpoint to maximize the data return per test dollar.

Data which are obtained should facilitate prediction of reliability on the
basig of individual and accumulated test results and the determination
of performance variabilities and instabilities that are induced by time
and stress.
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Section 1II. PROGRAM MANAGEMLIEN Y AND MONITORING

2-20. Program implementation. Effective implementation requires

that bath the procuring agency and the contractor fulfill obligations

and responsibilities in a cooperative framework toward the common

objective of reliable equipment in the field. The following steps are
. presented as a guide in this implementation,

D U o N THHATL N < s 4

a, Step l: Specify reliability requirements. The procuring
agency should state the reliability requirements in design specifica-
tions or procurement documents (including Requests for Proposals),
Format and details for including the requirements as part of the speci-
fication are provided in Defense Standardization Manual 4120, 3-M
(AR 715~10) and appendix C of this document.

IO ———

b. Step 2: Establish schedules. The procuring agency should
establish schedules for reliability reporting and monitoring, to include: i

(1) Reliability report(s). Delivery dates for such reports
may be specified on either a calendar or a program-phase basis.

) (2) Test plans. The detailed test plan shouid be submitted
well in advance ot test initiation in order to allow sufficient time for ]
Army review and approval.

(3) Progress evaluation schedule., Progress evaluations
for effective monitoring are scheduled to correspond with major mile-
stones rather than at fixed time intervals, ‘

L n RN A

: ¢, Step 3: Prepare Request for Proposal (REFP). The pro-
¢ curing agency should include desired proposal coverage of reliability -
: in the Request for Proposal. A clause similar to the following, in-
serted in the RFP, aids in obtaining desired reliability: Proposals
i responsive to this RFP shall, in addition to the requirements listed
i in MIL-STD-785, contain the following:

(1} A narrative of the contractor's interpretation of the
i requirements to demonstrate that the requirements are understood,

ka2 g
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(2) Proposed technical and management approach
toward achievement within the stated or implied limitations (if the
bidder deermns the requirement unrealistic, that which he considers
realistic and achievable should be stated).

{3) Supporting evidence for the above, including re-
liability predictions of the proposed concept 2nd approach; source
and applicability of data; experience of bidder with similar programs;
specific ways and means of attainment; assumptions and noncontrollable
dependencies upon which the approach is based.

(4) Description of the proposed reliability program,
including specific technical activities; responsibilities and authorities
within the proposed organizational structure (including list of key
personnel, together with background and experience); proposed
schedule of reliability activities; recommended monitoring points
and major milestones (including cost milestones); and proposed re-
liability development test program. "

d. Step 4: Prepare proposal. The prospective contractor
should prepare a proposal in response to the RFP. Specifically, the
proposing contractor should:

(1) Analyze the reliability requirements and make a
preliminary prediction to determine feasibility for a given tiume and
cost.

(2) Establish and cost the reliability activities and
integrate them into the total program,

(3) Schedule in-house reliability activities and monitor-
ing which become part of the master schedule.

(4} Plan development reliability tests. The contractor
should evaluate the design approach and planned developments to
determine which assemblies and components will require test
demonstration.

(5} Prepare his total reliability plan.
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e. Step 5: Evaluate proposals. (1) The procuring agency
should evaluate proposals for their response to the specific task re-
quirement in source selection evaluation procedures.

(2) The proposal review should give particular attention
tc specific proposed reliability activities rather than stress the con-
tractor's organizational structure.

LT,

{3) Figures 2-1.a, 2-1.b and 2-1,c provide guidance :
for cvaluating proposals with respect to reliability, .

f. Step 6: Review contractual documents. The procuring ;
agency should review contractual documents prior to contract negotia- !
tion. Changes in the reliability requirements, program, or acceptance
tests that are recommended in the proposal submitted by the success-
ful bidder must be reflected in the design specifications, references,
or contractual documents. When the recommendations are not ac-
cepted, the prospective contractor should be notified early in the
negotiation period in order that his cost and time estimates may be
adjusted prior to final negotiation.

g. Step 7: Implement reliability program in development
contract. Both contractor and procuring agency should implement
and monitor the reliability program during design and development.
The contractor is committed to perform in accordance with the speci- i
fications in the contractual documents. The milestones of appendix B
provide a guide for monitoring a reliability program,

h. Step 8: Implement rcliability program in production., Im-
plementation and monitoring of the reliability program during produc-
tion is a key step. A suggested list of review points is provided by
the milestones in appendix B. Reliability records should include:

(1) Design changes in order to insure that each produc-
tion engincering and design change is given the same reliability
considerations and approvals as the original design,

il
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\
(2) Procurement of parts and assemblies in accordance
with appropriate reliability requirements,
(3) Evidence that each step in the production process
has been evaluated for its possible detrimental effect upon reliability.
(4) Effectiveness of production inspections and collection, .
analycis, and feedback of test data in maintaining design quality.
(5) Summaries of qualification, environmental, and
other test data. ‘

(6) Compliance with the production acceptance tests
requirements.
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REQUIREMENTS ANALYSIS

Is the reliability requirement treated as a design
parameter?

i ; Has the requirement been analyzed in relation to the
{ : proposed design approach?

P Is there a specific statement that the requirement is, or is
7 not, feasible within the timce and costs quoted? If not
' feasible, is an alternative recommended?

Is there evidence in the proposal that the reliability re-
quirement influenced the cost and time estimates?

Are initial predictions and apportionments included in
sufficient detail (data sources, complexity, block diagram,
etc, ) to permit Army evaluation of its realism?

Are potential problem areas and unknown areas discussed?
Or, il none are enticipated, is this so stated?

If the requirement is beyond that which presently can be
achieved through conventional design, do=s the proposal

describe how and where improvements will be accomplished ]

_ ls consideration given to conducting trade-offs between
' reliability and other technical parameters?

RELIABILITY PROGRAM AND MONITORING

. T Does the proposed program satisfy the requirements of
' the RFP?
y If the contractor has indicated that certain of the reliability

activities requested are not acceptable to him, has he
suggested satisfactory alternatives?

Figure 2-1.a
! ] Proposal Evaluation Guide
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RELIABILITY PROGRAM AND MONITORING
(continued)

Is the program specifically oriented to the anticipated needs 4
of the proposed equipment? Is it in sufficient detail? i

Are program activities defined in terms of functions and
accoimplishments relating to the proposed equipment?

Dces the proposal include planned assignment of responsi-
bilities for reliability program accomplishments?

ottt o ettt e

Is it clear by what means the program may influence de-
velopment of the proposed equipinent?

Have internal "independent’' reliability assessments been
scheduled?

Does the proposal provide justification (data derived from
testing or other experience) for the exclusion of specified
items from demonstration testing?

Is the proposed documentation of activities, events, and
analyses designed for ease in monitoring, ease of data
retrieval, and use on futurec programs”?

Are planned activities and events scheduled and docu-
mented?

Does the proposal include a controlled corrective action !
program for reliability data”

r igur: 2-1.b :
Proposal Evaluation Guide

2-16
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BACKGROUND ORGANIZATION AND EXPERIENCE

Does the bidder have an established program whereby past
experience is made available to engineers and designers?

Does the bidder have a designated group (or individual) to
whom designers can turn for technical reliability assistance?

Does the assignment of responsibilities include reliability
activities?

Do (or will) company standards manuais or other documents
set forth standard reliability operating procedures?

Does the bidder provide for appropriatle reliability training
for management, engineering, and technical personnel?

Does the bidder implement and conduct planned research
programs in support of line activities, secking new materi-
els, new techniques, or improved analytical methods?

ACCEPTANCE TESTING

Has the bidder agreed to perform acceptance tests and
included the costs and time within his proposal?

If acceptance test plans were not included in the request for
proposai, has the bidder recommended any?

Does the proposal contain a positive statement concerning
the bidder's liability in the event of rejection by the accept-
ance tests?

Figure 2-1l.c
Proposal Evaluation Guide
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Section IV, RELIABILITY TRAINING

2-21. Ceneral. a. The concept of reliability in system develop-

ment is not new. Only a few of the fundamental principles need be

understood by project management and engineering in order to put

quantitative measurements on this system parameter, [t is true

that the complexities of redundancy, statistical test design, sampling,

and many other aspects of rel: bility assessment are difficult con- .
cepts, and an effective training program must include consideration

of all levels of personnel involved with the reliability program. The

technical content of a training course must be tailored to the person- ‘
nel to be trained; e.g., a survey course for management and detailed

technique courses for engincers and technical personnel,

b. The training probiem is to preparec and prescent highly
practical ¢ «rses in the fundamentals of reliability, tailored to fit
the needs o. individual groups within the Army. Thus, the course
must be dynamic in its flexibility and adaptability. It must be well
documented with examples and 'tools of the trade, ™

¢. Training courscs available at DoD schools and private
schools and conferences sponsored by various technical societices
provide valuabie mcans of meeting training needs at minimum cost,

2-22. Guidelines. Ideal training activitics include clags: n instruc-
tion, supplemented by on-the-job application of the subject naterials,
The following questions are helpful in planning or selecting training
courses. Do they:

a, Reflect the needs of attendees in terms of the scope of
the course to be presented?

b. Include separate training programs and matceriale (o
specifically meet the neceds of management and technical personnel”

c¢. Include management practices and cngincering methods
utilized throughout the entire life cycle?
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2-23. Course content, The following suggested course outline can
be adapted to specific needs drawing on appropriate sections of this
document.

a. What should be known about basic concepts of reliability
as a rneasurable product characteristic? How. for example, do you:

(1) Define characteristics for specific equipments?

(2) Graphically and mathematically visualize these
characterigtics?

(3) Express reliability in terms of confidence statements?

b.  What should be known about specifications pertaining to
reliability? How do you:

(1) Dctermine reliability requirements for parts, equip-
ments, and systemsg?

(2) Specify the requir¢cments?

(3) Specify tests for compliance with given confidence
levels?

c.  What should be known about reliability as an engineering
function? How do you:

{1} Predict reliability feaocibility of new design concepts?

(2) Predict reliability achievement during the develop-
ment phase?

(3) Evaluate the described reliability problem areas for
correction in early deaign?

d.  What should be known about reliabiliiy assurance? How
do you:

TR PRI
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(1} Control reliability?

(2} Demonstrate reliability achievement?

e, How do you review and develop specific equipment and
system program plans and specifications? Include:

£.

Inciude

[

grams?

h.

(1} Program requiremecnts,
(2) Quality assurance provisions for reliability.

How do you review development status of specific systems?

(1Y Reliability apportionment,

(2) Problem arecas.

VWhat should be known about contractor reliability pro-
How do you-

(1) LEvaluate a program?
(2) Specify program requirements?
(3) Monitor contractor programs for compliance?

What should be known about reliability monitorine and

failurc diagnosis:

1.

{1} Indesign, development, production, and field use?
(2) To assure carlicest practicable correction?”

What specific steps can you take to assurce higher relia-

bility in systems? These include review of:

2-20

(!) Requirements analysis and specifications.

(2] Demonstration and acceptance,
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{3)

{4)
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Procurement documentation.

Monitoring and follow-up (including feedback).
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CHAPTER 3

TECHNICAL REQUIREMENTS ANALYSIS AND DOCUMENTATION
OF RELIABILI? { REQUIREMENTS

St e

Section I, INTRODUCTION

3-1, General. a. Early system development plans are not complete

if they do not quantitatively define the required characteristics of the
product or system proposed for development., While in the past the
characteristics of a new equipment or system have been adequate to
guide development effort toward full realization of performance require-
ments, they often have not been sufficiently descriptive of the reliability
characteristics required for system success under field use conditions.
These important success characteristics must be planned for and design-
ed into the system. They cannot be added as an afterthought. This
chapter outlines procedures for the definition and documentation of
reliability requirements in essential planning documents, specifications
and contractual task statements, H

k2
Z

L T i WL G 1,

b. The problem is one of first stating system requirements for

reliability in the Qualitative Materiel Requirements (QMR). These con- «
stitute the basis for the preparation of the Technical Cevelopment Plan
{TDP) to accomplish CDC objectives. Required is the definition and
documentation of requirements in the TDP and the definition baseline
in order to give the systern concept a clean entry into its development
cycle., This is intended to insure that an operationally suitable system
evolves as a result of good planning followed by effective pursuit of

planned objectives,

Section I, CONTENTS OF QMR'S and SDR'S

3-2. General. a. Among the most important phases of the system life
cycle are the concept and definition phases, where system requirements
are analyzed and translated into well-defined technical objecti res and
detailed plans are laid to assure successful achievement of these

objectives.

T
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b. In general, there are three closely related analyses required
in order to generate the essential descriptive information needed for
preparation of technical development plans, design specifications, re-
quest for proposals, and contractual task statements., These are:

(1) Analysis and definition of the operational requirements --
performance, reliability, and maintainability -- necessary for the de-
sired level of system effectiveness.

(2} Prediction of the feasibility of achieving these require-

ments by conventional design in order to assess the practical difficulty
of the development job,

{3) An equitable method of initial apportionment (allocation)
of requirements and supporting R&D effort among subsystems,

¢, The last two of these analyses are discussed in chapter 4. The
first is discussed in this section. It pertains to the formulation of a
QMR/SDR based upon national defense objectives, intelligence estimates,
and concept or feasibility studies which determine the requirements for
a new capability and the need for a new item, The QMR/SDR expresses
Department of Army requirements for new equipment or for major

innovations or improvements related to research and development as
developed from new concepts.

d. The QMR is a Department of Army approved statement of a
military need for a new item, system or assemblage, the development
o5f which is believed feasible, and is directed toward attainment of new
or substantially improved materiel. It is stated at the earliest time

after the need is recognized and feasibility of development has been
determined,

e. The SDR is used to state a DA need for development of equipment
of proven feasibility which can be developed with less effort. Because
of low cost and simplicity of development, such equipment does not
warrant the establishment of a QMR,

f. The QMR/SDR goes through four stages before final approval
is given. These are:

3-2
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(1) Initial draft proposed QMR/SDR .

(2) Draft proposed QMR/SDR.

(3) Proposed QMR/SDR .

(40 Dcpartment of Army approved QMR/SDR .,

3-3, Reliability information in QMR's and SDR's. a. Reliability
requirements should be stated in terms appropriate to the item con-
sidering its intended puvrpose, its complexity, and the quantity ex-
pected to be produced. In addition, these requirements must be clear,
quantitative, and capable of being measured, tested for, or otherwise
verified. QMR's/SDR's must include detailed essential reliability re-
quirements. Statistical confidence levels and risks associated with
demonstrating achievement of these requirements are to be stated in
documents describing test requirements, but not in the QMR or SDR.
Specifically, the information to be included in requirements is as
follows:

(1} Reliability. The overall reliabiiity requirement
must be quantitatively expressed as a probability of success for one
(or more) specified operational and environmental cycle(s) or func-
tional sequence(s). Reliability may be apportinoned for major phases
of the mission, When an operational profile is not well defined (e. g.,
continuous operationt, the closely related attribute, MTBF, may be
specified instead of probability of success. Norinally, onec or the
other attribute, but not both, is specified. Reliability requirements
should be stated for two or more operational profiles, if appropriate.

{2) Reliability after storage. This must be specified so
as to indicate the amount of deterioration which can be tolerated dur-
ing storage. Length of storage, storage environment, and surveil-
lance constraints should be identified for planning purposes,

b. Of the above reguirements, only those that are appropriate
for the item or equipment in question should be used. A more detailed
discussion with examples of how the above requirements are to be
slated in QMR's/SDR's is given in appendix C.
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¢, The discussions in this scction represent an approach to
determination of feasible requirements of the proposed system, Quan-
tification of the above clements provides input for the development of
realistic and meaningful contractual documents and specifications,

Sec*ion III. DOCUMENTATION OF RELIABILITY REQUIREMENTS
IN TECHNICAL DEVELOFPMENT PLANS (TDP's)

3-4. Role of the TDP and the research and technology resume in sys-
tem development. The technical development plan (TDP) is expected

to outline plans for development and provide guidance, goals, and speci-
fic direction necessary to assure that effectiveness will be achieved.
The inclusion of statements delineating performance, reliability, and
maintainability in TDP's is aimed at this geal. The TDP is applicable
to those major development projects and tasks selected by the Chief

cf Research and Development and announced by separate correspond-
ence. In order that the Army Research, Development, Test, and
Evaluation (RDTE) Program be extended to all major equipment, the
Resecarch and Technology Résumé (DD Form 1498), appiies to projects
not covered by TDP's.

3.5, IDP format. In order to highlight the existence and adequacy
of a reliability prograim, a separate section is included in the TDP
for this program. An outline of the TDP format is shown in figure 3-1,

Cover Sheet
Introductory Sheet
Table of Contents
Section I - Narrative Summary
Statement of Requirements
Scope and Objectives
Development Plan
Section Il - Detailed Development Plan
Section III - Reliability and Maintainability Program
Section IV - Detailed Development Funding Plan
Distribution
Responsibie Project Officer

Figure 3-1
TDP Contents
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3-6. Documentation of reliability in TDP's, a, Each TDF must
include information on the reliability program for that project ind
on the interface of these characteristics with other characteric ics,
ag follows:

(1) Information listed in O.MR's/SDR's.
(2) The plan for achieving reliability goals.
(3) The plan for conducting the reliability program,

{4) Reliability inputs to the costs and scheduling portions
of the development plan.

(5) The plan for life cycle assessment of reliability
characteristics.

(6} The plan for development of compatibility with multi-
purpose maintenance equipment and of system peculiar maintenance
equipment,

b, I[nformation contained in development plans is expected
to be more detziled than that normally found ia objectives/require-
ments documeats (e.g,, GMR); therefore, direct extracts from
QMR 's are no: adequate. In those instances where the development
plan is preliminary, listing of significant elements without detail wili
suffice; e, g., the fact thst apportionment and prediction will be part
of the program. Subsequent revisions must become increasingly more
explicit and detailed, and must include updated reliability status in-
formation for comparison with requirements,

Section IV. DOCUMENTATION OF RELIABILITY REQUIREMENTS
IN PROCUREMENT DOCUMENTS AND SPECIFICATIONS

3-7. Ceneral. a. The specificaticn is, ",,.,a document intended
primarily for use in procurement, which clearly and accurately de-
scribes the essential and technical requirements for items, materials,
or servi :8 including the procedures by which it will be determined

.that the requirements have been met." [Defense Standardization

Manuzl 4120.3-M (AR 715-10)]
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b, Reliability specification requirements consist of three
distinct but related areas of coverage:
(1) Detailed quantitative requirecments,
(2) General program rcquirements.

(3} Quality assurance provisions (Test and Evaluation
Requirements),

c. These three areas may be included in the vverall design
specification for a product (Method A) or covered under a separate
reliabiliiy specification (Method B).

(1) Method A. Intcgrated specifications: Reliability
as a design parameter is logically specified in section Il of the dc-
sign specification (both detailed and general coverage) and the
quality assurance provisions integrated into the overall provisions
of section IV,

(2} Method B, Separate specificaiions: This alterna-
tive is recommended only when ciarity and sirnplicity can be greatly
enhanced. A reliability specification must follow approved specifica-
tion format, consisting of the foliowing:

(a) Scope.
(b) Applicable documents,

{c) Reguirements,

(d} Quality assurance provisions (Test and Evalua-
tion Requirements).

{e) Preparation for delivery.

(f) DNotes.

3-6
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3-8. Types of documents and specifications required. In order to
maintain control throughout the materiel life cycle, it is necessary to
have a given plan which requires documentation of item requirements,
Throughout AMC, control is accomplished by mieans of the concept
known as configuration management in conjunction with project man-
agement or conmunodity management (see AMCR 11-26).

3-9. Essential reliability features of specifications. a. The con-

tent of military specifications is prescribed in Defense Standardization Manual
4120.3-M, Important features of the specifications are the numerical
requirements for equipment characteristics and the compliance require-
ments, These are given, respectively, in the scctions labeled Re-
guirements and Quality Assurance Provisions (Test and Evaluation
Reqguirements).

b. Basically, the section of the specification outlining re-
quirements for system and/or development descriptions contains
perfermance and design requirements. Reguirements for the test
and evaluation methods to be used to check on conformance with these
requirements are stated separately.

{1} The introductory paragraph consists of descriptive
and introductory material, while guantlitative requirements arc stated
and cxplained in detail as scparate parts of the section. The paragraph
specifying reliability requirements must be in agreement with those
stated in the QMR/SDR and TDP and must be in gquantitative terms,
In order to assurc that these reliability requirements are properly
specified, system operational requirements, use coundilions, the time
measure or mission profile, reliability design objectives, quantita-
tive reliability requirements, and reliability program requirements
should be considered as sources of information for preparing the
specifications.

{a} System operational reqguirements. Reliability

1s a system characteristic in the same sense that speed, range, and
manecuverability are system characteristics, To have full undersiand-
ing of the reliability requirement, operalional requirements expressed
in OMR's and TDP's must be described as well. The description pro-
vides a dividing line between what corstitutes satisfactory and unsatis-
factory cquipment. To clearly make this distinction, it is necessary
to include both design objectives and minimum acceptable values as a
lower tolerance limit on the performance parameter,

w
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Exampic: A radar desigin specification may desire the system to
detect i sqg. meter targets at 300, 000 meters. The guantitative
reguirement might be stated as follows: The desic . sbjective shall

be to detect ] sqg. nmieter targets at 200, 000 meters,  The system
shall be considered unacceptable if 1 sq. meter targets are not de-
tected at 225,000 meters,

(b} Use conditions, The conditions under which
the item must perform should be stated in standard terminology.
Use conditions refer to those conditions under which specified re-
liability is to be obtained, including temperature, humidity, shock,
vibration, pressure, penetration/abrasion, ambient light, mount-
ing position, weathnr (wind, rain, snow), operator skills and other
conditions covered in AR 705-15, Operation o Equipment Under
Extremec Conditions of Environment. In order to prevent undue
equipment costs, stated use conditions should not be overly strin-
gent, nor should uniecessary conditions be specifi-d for equipment
which will be used under controlled or limited climatic conditions.
Use conditions are stated in both narrative and specific formats,
with mission profiles included where environmental changes are
expected through the operating period.

Example: Narrative, The XXX Tractor must be capable of operat-
ing as specified in climatic and weather conditions ranging trom
temperate to arctic and must be resistant to fungus, humidity,
water, condensation, and icing.

Example: Specific. The XXX Tractor must opera ¢ as specified
under any or all of the following environmental conc«itions: tem-
perature, -65° F. to 160° F.; humidity, up to 100"; and water
depth, traverse up to 3 feet,

Example: Mission Profile. The ABC system shall meect its per-
formance requirements when subjected to a mission temperature
profile similar to that shown in figure 3-2.
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TEMPERATURE, °C

+80°C
0
-65°C
| i L L ]
ty % t3 ty ts
TIME
Figure 3-2

Mission Temperature Profile

(¢) Time measurc. System usage, from a time stand-
point, plays a large part in determining the form of the reliability ex-
oression. Figure 3-3 is a representation of a tvpical operational se-
o nre. In those cases where a system 18 not <. ‘724 1or continuous
operation, total anticipated time profile or time sequences of operation

should be defined either in terms of duty cycles or profile charts.

Example: The mission reliability for the "x' missile fire control sys-
tem shall be at least 0.9 for a 6-hour mission having the typical opera-
tional sequence illustrated in figure 3-3,

3-9
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SYNOH NI ANWIL TVIOL

PREFLIGHT CHECK

AUX, POWER STANDBY

STANDBY TIME
(WITH 2 MINUTE
READINESS CHECKS
EVERY 30 MINUTES)

ENGAGEMENT PERIOD

STANDBY TIME

POST-OPERATION CHECK

Figure 3-3
lypical Operational Sequence for
Missile Fire Control System

(d) Reliability design objectives and requirements,

The specific functions for which reliability improvement is sought
should be clearly spelled out, It is desirable that both the specific

functions to be improved and th

e nature and extent of the improvement
be described in enough detail that prospective designers have the ad-

vantage of earlier feasibility analysis.

3-10
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Example: An improvement in the firing reliability of the XXX Howitzer
is sought as a design objective. Specifically, it shall be the objective
to reduce stoppages resulfing from faulty extraction of cariridge cases
from I per 10,000 to ! per 50,CC0 rounds,

{e) Quantitative reliability requirements. 1 The
specific values of reliability on which the success of the conceptual
system is based should be quantitatively defined at one or more points
to cstablish the desired reliability characteristics, Four common ways
of defining reliability requirements are: mean time between failures

‘ {(MTRF); probability of survival for a specified mission time; failure
rate over a specified period of time; and probability of success, inde-
pendent of time. Further discussion of these and other methods are
included in zhapter | and appendix A.

Example: A complex radar has both scarch and .rack functions. Il is

also possible to operate the search function in both a low and a high

power mode., The reliability requirements for this system may be cx-

pressed as: '"The reliability requirements for this system shall be at

least: Case I, high power search, 28 hours MTBF; Case 1I, low power
. search, 40 hours MTBF; and Case III, track, 0.98 probability of satis-
' The definition of satisfactory per- «
formance must include limits for cach case, This can be conveniently
tabulated for inclusion in the specification. A sample of the satisfactory .
performance table for the radar is shown as figure 3-4. /

factory performance for 1/2 hour."

System Performance Limits .
Characteristic Units Case 1 Case 2 Case 3
- nange Meters 300,000 | 120,000 | 120,000
[Resolution - Range Meters + 50 + 50 + 10
N - Velocity m/Sec. +100 +100 + 25
Figure 3-4

Satisfactory Performance L.imits
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2 The specified reliability requirement should
also be defined in terms of nominal or minimum values. This can be
done by either identifying a NOMINAL value with which the user would
be satisfied, along with a minimum that must be excecded, or simply
a MINIMUM value below which the user would find the system unac-
ceptable,

(f) Reliability program requirements. 1. The "
characteristics of the proposed program should be des~ribed in such
a way that the fulfilling of these requirements will provide for con-
trols and decision points necessary to assure the development of an .
item which will meet desired reliability requirements, For discussion
of reliability programs, see chapter 2.

2. In the requiring of a reliability program, the
following points should be kept in mind:

a Do not expect a reliability program to
provide unlimited reliability. On the contrary, expect the program
to provide realistic appraisals of progress, status, and potential cof
the overall program.

b. Avoid specifying, as part of the relia-
bility program, organizational or internal (contractor) responsibilities
which would limit or constrain the contractor's individual approach,

¢. Reliability analyses or assessments are
primarily design guides and monitaring techniques and should not be
used as acceptance criteria iu lieu of acceptance testing.

{2) Test and evaluation requirements. The reliability

requirement is of little value if a method for measurement is not '
included in the specification., Conformance to the requirement is
demonstrated by tests such as research and development acceptance
tests, engineer design tests, engineering service tests, and environ-
mental tests, The requirements for conducting the tests for each
item performance and design characteristic must be included in sec-
tion 4 of the specification test and evaluation requirements. It should
be remembered that test data and test results may provide multi-
purpose information. Therefore, formal tests and analysis oriented
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primarily to demonstrate reliability should be limited to thosc tests
which provide rehiability intormation not otherwise available,

¢, Production description requirements and guality assur-
ance provisions are summarized below.

(1) Requirements. The requirements section of the pro-
duction description provides the same information for production con-
tracts as the requirements section of a development document provides
for development contracts., This scction uses the drawings and speci-
fications for the item to be produced as well as description of the
processes nceded for production. The relationship of reliability to
the production description is primarily one of insuring that the level
of reliability designed into the item is maintained during production
and can be realized only if a successful transition from design to
production of hardware is achieved,

(2) Quality assurance provisions (test and evaluation re-
quircments. The specification must, in addition, set forth methods
by which product acceptability can be determined. This involves
types of tests to be conducted, inspectior. provisione 2nd test mcthods
and procedures. Quality assurance provisions should contain descrip-
tione of preproduction, 1initial production, confirmatory acceptance
and product improvement tests. ‘fiese test provisions provide for
lot formation, classification of characteristics, and acceptable quality
levels as well as number of failures per sample, treatment of failures,
preparation of specimens, apparatus and/or reagents, and decision
making criteria. Further discussion of these nrovisions is included
in chapter 6 and appendix F,
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CHAPTER 4

RELIABILITY MODELING, PREDICTION, AND
APPORTIONMENT TECHNIQUES

Section I. INTRODUCTICN

4-1. General, a. Certain reliability analyses involve relating system
reliability to subsystem or component reliability. This chapter con-
tains a general method for constructing models relevant to such an
analysis. Such models are useful for predicting system reliability
from subsystem reliability data and for apportioning system reliability
requirements among the subsystems.

b. In addition to the discussion of models, this chapter discusses
the last two of the three analysis techniques mentioned in Chapter 3,
Section I, which are used to generate the essential descriptive informa-
tion needed for the preparation of TDP's, design specifications, requests
for proposals, and contractual tasks stateinents. These techniques are
prediction and apportionment.

Secticn II, RELIABILITY MODELS

4-2. General. a. The reliability model relates equipment or systein
reliability to subsystem and/or component reliability, These models
are used for reliability prediction and apportionment. The particular
form taken Ly the model is dependent upon the functional configuration
of the system considered and thereby depicts the effect of failure on the
system,

b. The typ.s of inodels are as numerous as there are types of
systems, However, all systems can be reduced to combinations and/or
rmodifications of basic configurations. Thesc configurations and com-
binations thereof, which are discussed in detail in Appendix D, are:

(1) Series configurations;

(2) FParallel {redundant) configurations;
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(3) Mixed (sc¢ries and parallel) confligurations:
{4) Partally redundant configuratiors; and
(5) Standby redundancy configurations,

4-3, Procedural steps. The basic procedural steps for constructing
a reliability model may be stated as follows:

a. Step 1. Completely define the components and subsystems
and their relationship to systemn success,

b, Step 2. Construct a block diagram which indicates the func-
tion of ecach component or rubsystem, including redundancy covsidera-
tions. The block diagram ‘s constructed not as a physical appearance
of the system, but to indicat: the function of cach subsystem relative
to system function, In genecral, a reliability block diagram represcats
a systematic arrangement o’ functions that must be periormed and,
when appropriate, the scguience in which they must be performed for
system success, For example, the diagram contained in figure 4-1

Figure 4-1
Scries Block Diagram

indicates that all subsystems (1, 2 and 3) must function properly if
the system 1s to be successful; and the diagram contained in figure 4-2

Figure 4-2

Farallel Block Diagram

reattish ittt Ul
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indicates that the system will be a success b at beast one afl the sub-

systems (1, 2 or 3) function properly,

¢o Step 3. From the block diagran:, develop the mathematical

model as shown in apperdix 1),
Scction 1II, RELIABILITY PREDICTION

4-4, General. a. Reliability prediction is the process whereby a
numerical value is assipued indicating the ability of a design or pro-
poscd desipn to poerforu 1in accordance with specified reliability
reguiremoents,

b, The primary objective of reliability prediction is te provide
puidance relative to expected inherent reliabibity of a given desipn,
Information obtainea irom prediction technigues is most useful carly
in the life cycle; specifically, during the conceptual, definition, and
development phases.  Basically, the purpose of reliability prediction
includes feasibility evaluation, comparison of alternative configurations,
identification of potential problems, lopistics support planning, deter-
rmination of data deficicncies, tradeor! deaisions, aspportionmoent of
requirements, cole, Somue important uses of reliahnlity prediction
include:

(1) Establishment of firm reliability requirements in QMR's
and SDR's, TDP's, preliminary design specifications and requests
for propusals, as well as determination of the feasibihity of a proposed
rceliability requirement,

{21 Comnarisan of the established reliability reguiremenm
with state of the art feasibility for guidance in budget and schedule
decisions,

(3) Providing a basis for uniform proposal preparation and
cvaluation and ultimate contractor selection,

(4) Evaluation of reliability predictions submitted in techni-
cal propusals and reports in precontract transactions,
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(5) Identiiication and ranking of potential problem areas
and the suggestion of possible solutions,

{6) Apportionment of reliability requirements among the
subsystems.

(7) Evaluation of the choice of proposed parts, materials,
components and processes,

(8) Conditional evaluation of the design for prototype

“fabricaticn during the development phase,

(9) Provides a basis for trade-off analysis.

4-5, Feasibility prediction nrocedurc, The feasibility prediction pro-

cedure is useful during the conceptual phase from initial design con-
cept to its preliminary paper design. Dctails of the product are, at
this time, usually restricted 1o those which miay be derived from
existing products having similar functional and operational require-
ments, The procedure may he defined by the following steps:

a., Sivp 1. Define the product,
(1) Determine its purpose, intended function, or mission,

(2) Determine, in terms of persformance requirements,
the conditions which constitute product failure,

(3) Determine functional and physical boundaries of the
system for which the prediction will Le muade,

b, Step 2., Establish the reliability model,

(1) Construct a reliability block diagram to the lowest identi-
fiable function, showing the relationehips necessary for successful sys-

tem operation. Clearly indicate alternate modes of operation,

{2) Establish a mathematical model relating systen relia-
bility to the functional blocks in the block diagram,
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c. Step 3. (1) Establish the functional complexity,

{a) Estimnate the complexity of each block in terms of
the number and use of functional parts.

{b) Determine failure rates associated with these parts,

{c} Combine part failure rates to establish a predicted
failure rate for the block.

(£} Many ¢lectronic part failure rates may be found in MIL-
HIUBK -~ 217A., For electronic parts not covered in this handbook,
"ag well as nonzlectronic narts,use available existing data and identify
the source or estimate the failure rate from experience with existing
eqguipment of rimilar design and function,

d. Step 4. Compute predicted system reliability by utilizing the
mathematical model and the functional block predictions,

4-6. Design prediction procedure. This procedure is useful during the
design phase which may continue through roastruction of prototype,
prepraduciion, and production models, During this time, detailed
schematics, breadboards, mockups, firm part selections and descrip-
tion, and complete {unctional block diagrams are developed, In
addition, information pertaining to environmental, storage, final pack-
aging, and handling conditions become available, Thus, prediction at
this time is more dependable than that of the feasibility study. Predic-
tions during this portion of the product cycle shali be made at intervals
specified by the procuring agency for information regarding reliability
growth, The steps for the procedure are:

a. Step 1. Define the system in the same manner as indicated by the
feasibility prediction procedure.

b. Step 2. Establish the reliability model in the same manne=> as
indicated by the feasibility prediction prccedure,

4-5
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c. Step 3. Determine the part population for each functional
block. In addition to compiling a list of individual parts, include
detailed information on factors that are pertinent to reliability,

d. Step 4. Determine sppropriate stress factors for each part
in its particular application.

e. Step 5. Assign applicable failure rate to cach part,

f. Step 6. Compute reliability for each functional block utilizing
the mathematical model and the predicted reliability of the paris.

g. Step 7. Compute predicted reliability for the system using
the mathematical model and the predicted block reliability.

4-7, Specific techniques of reliability prediction. There are several
sources of guidance for prediction procedures. Three techniques are
discussed herein,

a. AGREL technique for desipn phase prediction., This
technique recommends a procedure for desiyn stare prediction
of reliability of new equipment (electronic). The reliability
function for this procedure uses the exponential distribution,
The technique is summarized by the following steps:

(1} Step 1. Define the equipment explicitly and uniquely in
terms of its functions, boundar pvints, operating conditions and per-
formance characteristics.

(2) Step 2. Specify the components within the system, Com-
ponents must be uniquely identifiable without duplication and must be
selected in such a way as to take into account any redundancy and
independence of operation.

(3) Step 3. Select the parts which have a dorainant effect on

system reliability, either because of their large number or because
of their large failure rate, etc.

4-6
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(4) Step 4. Determine a failure rate for each part or class
of parts used in each component of the system. If parts are grouped
and not analyzed singly, then classification of parts could be made in
terms of homogeneity of failure rate, such as: tubes with high temper-
ature of operation; tubes with low temperature; tubes that can deteri-
orate to the life test end point; tubes that can deteriorate well below
life test end point; condensers with high voltage applied; resistors with
high power rating; etc. From data obtained from MIL-HDBK-217A, or
other available sources, the failure rate as related to the various
stresses applied to the parts will be estimated, In the case of new parts
or applications, it may be necessary to obtain new data through special
investigations.

(5) Step 5. Determine a failure rate for each component within
the equipment. Add the failure rates for all parts in each component
of the equipment as determined in Step 4 to obtain the figures for
component failure rates,

(6) Step 6. Determine the failure rate for each component.

(7) Step 7. Determine a failure rate for the equipment. Add
the failure rates for all independent coinponents within the equipment
to obtain the figure for the equipment failure rate.

(¢) Step 8. Determine the predicted reliability function for
the equipment, The reliability for the equipment is based oun the
exponential failure distribution and is dependent upon failure rate and
mission time.

(9} Step 9. Determine the predicted mean time between

equipment failures (MTBF'}, The predicted mean number of hours
between malfunctions is the reciprocal of failure rate.

b. ARINC technique of predesign reliability prediction., A pre-
design reliability prediction for ground electronic systems has been
developed by ARINC Research Corporation. '+ was intended to provide
prediction of reliability during the early planning stages and, as a con-
sequence, is based on general information which can only be estimated.
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The procedure provides a method fer estimating confidence
intervals associated with the prredictions.

c. NAVSHIPS offers four methods for obtaining reli-
ability predictions for electronic items. Each method per-
tains to a different category configuration.

(1) The first method deals with system reliability prediction
from ""typical't equipment failure vates. It pertains to systems which

. will be comprised of subsystems similar, in parts count, to equipment
which has been used in the past.

(2) The second method applies to nontypical equipment
in terms of the number of parts employed. It utilizes a factor to be

multiplied by the number of parts to obtain a prediction of failure
rate.

(3) The third method utilizes parts failure rate by part cate-
gory in prediction of reliability. Employment of this method requires
a count of the various type parts included in the design,

(4) The fourth method is the most detailed of the group and
deals with reliability predicticn of equipment or circuits from parts
rates with severity function, It requires not only a parts count but
the design must be carefully analyzed to determine the severity of
stress to which each part will be subjected,

Section IV, RELIABILITY APPORTIONMENT

4-8. General. a. Reliability apportionment (allocation) represents
the assignment of reliability goals or requirernents to subsystems in
such a manner that the systemn reliability goals or requirements will
be satisfied, Whereas prediction utilized the reliability model to ob-
tain system reliability from subsystem reliability values, apportion-
ment makes use of the same models by proceeding from system reli-
ability goals to compatible subsystem goals.

4-8
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b. Apportioned reliability requirements will prove useful for
directing reliability effort along profitable channels and keeping the
development effort compatible, A few important uses . r liability
apportionment are listed.

{1) During the conceptual phase, apportionment of proposed
reliability requirements will provide an aid in determination of feasi-
bility.

{2) When various subsystems are being developed by different
contractors, apportionment will provide compatible contractual relia~
bility requirements.

(3) Apportionment will provide the prime contractor, as well
as government monitcrs, with a means of evaluating subcontractor
reliability achievements.

(4) Apportioned reliability requirements may be used as
develogmental goals for parts and subsystems. Consequently, relia-
bility growth progress can be monitored for subsystems with the
result that problem areas may be discovered and such problems
alleviated by reallocation of resources and efforts or initiating
appropriate reliability trade-offs.

4-9. Considerations for reliability apportionment, The ideal appor-
tionment would be the allocation of requirements resulting in the most
economical use of resources, including time and cost. Apportionment
of reliability is a trade-off between the reliabilities of units to achieve
a specified system reliability, By impcsing high ruguirements on
those units in which high reliability is easier to attain, and lower
requirements on those in which high reliability is more difficult and
more costly, the overall cost of system development may be reduced.
A few important factors for consideration follow,

a. The complexity of the system will nave an effect on the
achievable reliability, The more complex the system, the greater the
number of subassemblies and modules, the more difficult and costly
it is to achieve a high reliability. Imposing an unrealistically high re-
liability on the more complex systems increases the cost dispropor-
tionately when compared with the effect of increasing the reliability
requirement for simpler systems.

4-9
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b. The amount of development and research required to produce
the system will greatly influence the time and cost of development.
Imposition of a high reliability requirement on a system under
development will increase the development time, number of tests
required *o obtzain the reliability, and the cost.

c. The intended operational environment will have an effect on
the achievable reliability. A system to be used in a rugged environ-
ment will tend to cost more to develop to an equal reliability than a
similar one to be used under less severe conditions,

d. The length of time the equipment is required to perform will
influence the achievable reliability. It will require more development
effort and cost to produce a system capable of operating for a long

period of time without failure than to develop one for a shorter period
of use.

€. The need for high reliability in a component is based on the im-
portance of its operation, A component whose failure would not jeopardize
the accomplishment of the mission need not be highly reliable. To the
extent that failures can be tolerated, lower reliability requirements
should be imposed,

4-10, Specific techniques of reliability apportionment. Several techni-
ques of reliability apporti. .. ment have been discussed in the literature,
Those to be presented herein are the equal appourtionment method, the
AGREE method, a method by ARINC Research Corporation, and two

methods for minimizing total effort expended. More detail is found
in appendix D,

a., Equal apportionment technique. In the absence of definitive
information on the system, other than the fact that n subsystems are
1o be used in series, equal apportionment to each subsystem would seem
reasonable. In this case, the n'® root of the systemn reliability require-
ment would be apportioned to each of the n subsystems.

b. AGREE apportionment technique, A method of apportionment
for electronics systems is outlined in the AGREE. This technique
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takes into consideration both the complexity and importance of each
subsystem. It assumes a series of k subsystems, cach with exponen-
tial failure distributions. The apportioned reliability goal is expressed
in terms of MTBF,

c. ARINC apportionment technique. This method assumes
series subsystems with constant failure rates such that any subsystem
failure causes system failure and that subsystem mission time is equal
to system mission time. This apportionmeni technique requires ex-
pression of reliability requirements in terms of failure rate.

d. Minimization of effort algorithm, This algorithm con-
siders minimization of total effort expended to meet system reliability
requirements. It assumes a system comprised of n subsystems in
series, Certain assurmptions are made concerning the effort function,
It assumes that the reliability of each subsystem is measured at the
present stage of development or is estimated, and apportions relia-
bility such that greater reliability improvement is demanded of the
lower reliability subsystems,

e. Dynamic programming approach. If all subsystems are
not equally difficult to develop, dynamic programming provides an
approach to reliability apportionment with minimum effort expenditure
when the subsystems are subject to different but identifiable effort
functions.

—
RO T )

TR

e il

Lo

PR
PO TR TR PR

I
ot

.

IR CTRen

LR B e IR R TR YT T PR T P S T

"~ hl bl .l‘l|]ui.l.

i

RGP~

AR, T

LN e

|
i L b e




AMCP 702-3

| CHAPTER 5
RELIABILITY DESIGN AND REVIEW

Section I, INTRODUCTION

5-1, General. During development, a design is formulated to meet
quantitative reguirements previously defined. The results of these
activities provide inputs for all future actions. The importance of de-
signing in the required degree of reliability cannot be overemphasized;
for once the design is approved, inherent reliability is fixed, Less
than perfect compliance with required actions from this point may re- i =
sult in an achieved reliability level less than the fixed inherent level,

This concept is illustrated in figure 5-1,

Design and Operational

r Development Production Field Use

i

F

L

‘; Inherent Operational /
1 Reliability Reliability

i

RELIABILITY ——————>>

(Degradation
due to manu-
facturing
processes)

(Degradation due
to packaging,
transportation,
storage, use and
maintenance)

LIFE CYCLE —m>

Figure 5-

1

Reliability Growth During System Life
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Section II. SOME BASIC PRINCIPLES OF
RELIABILITY DESIGN

5-2. General. This chapter deais with identification of some basic
principles of reliability design of which the designer shouwld be aware
and with the concept of design reviews. Koch 1s discussed briefly in
terms of its role in the design of reliable equipment.

5 -3. Simplicity. Simplification of item configuration can contributc
to reliability improvement mainly by reducing the number of pussible
feilure modes. A common approach foward design simplification,
especially structural,is that of component integration, i.e., the use of
a single part to perform multiple functions,

5-4. Use of prov-:n components, preferred cicrcuits, and preferred design

concepts. a. If reliability is to be designed inte an item, the reliability
of the individual components must be predicted o1 cstimated. When
working within time and cost constraints, it is wise to use proven com-
ponents where possible, thus minimizing analysis and testing.

b. Information 1s available concerning reliabibity of certain
component configurations and circuits. There are clectronic design
handbooks available, for example, illustrating standard circuitry which
should be used in preference to unique designs. Just as with electronic
designs, proven mechanical ard fluid system design concepts can be
categorized and proven configurations given {irst preference.

¢. Existing standards must be constantly reviewed and updated.
The establishment of new hardware standards must be preceded by
thorough reliability verification, Some areas in standardization which
are impcrtant to reliability design are standard values, parts, compu-
nents, systems and subsystems. Another area of importance is that
of analysis techniques. Accepted methods, such as reliability prediction,
can be established for use by design and reliability engincers. These
analysis methods are useful provided their limitations are recognized.

5-5, Stress/strength design. a. The classical approach to design
is to give every part enough strength to handle the worst stress it will
encounter. Several refecrences, such as MIL-HDBK-5 are available
providing data on the strength of materials, and some of these provide
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limited data on strength degradation with time, resulting from fatigue.
However, when designing for a specificed reliability, the traditional

and common usc of safety factors often is inadequate. Effcotive design
procedures should provide for cvaluating alternative configurations with
respect to reliability.  Since failure is not alweys related to time, the
designer needs techniques for comparing stress vs, strength. These

fljoi
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include:

e i

(1) Derating., Use parts rated higher than expected stress.

(2) Reliability margin., Meceasure the separation between H R

stress and strength,

{(3) Stress/stirength testing. Determine the stress and
strength distributions.

b, The concept of stress-strength in design recognizes the reality
that loads or stresses and strengths of particular items subjected to these
stresscs cannot be identified as a specific value but have ranges of values ' .
with a probability of cccurrence associated with cach value in the range. o

¢. The reliability of an 1tem may be defined as the probability
that the strength of that item will never be less than the stress to which e
it will be subjected (see appendix A for analytic methods of determaining
reliability using stress and strength distributions),  There are four
basic procedurces the designer may use to increasce reliability, -

(1} Increase average sirength,  This approach is tolerable
if size and weight increasces can be azcepted or if a stronger rmaterial

is availlable.

(&) Decrcasc average stress. Occasionally the average

l' : stress on a component can be reduced without greatly affecting its ca-
{ N pability. i
.t (3} Deccrease stress variation. The variation lu stress ) -
: is usually hard to control. However, the stress distribution can be
effectively truncated by putting limitations on usc conditions. \
i
i
£
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(4) Decrease strength variation. The inherent part to
part variation in strength can be reduced by improving the basic process,
holding tighter control over the process, or by utilizing tests to eliminate
the less desirable parts.

5-6. Redundancy. Redundancy provides more than one way to accom-
plisk a function. In some degign situations, reliability improvement
may be achieved by introducing redundant subsystems or componcents.
For details of various e¢valuation models, sce appendix D,

5-7. Local environment control. Often it becomes apparent during
design that a severe local environment would prevent achievement of the
rcquired component reliability, The design engineer is faced with the
choice of improving the component to withstand the environment or, if
possible, changing the environment to satisfy the component, Such
local environment control may add weight, space and cost; so tradeoifs
must be evaluated on the basis of overall cffectiveness. Some iumes
overlooked is the harmful effect of transportation and installation as
opposed to operation. Improved packaging and special handling in-
structions may be necessary to preserve reliability. Some typical
environmental problems are:

a. Shock and vibration. There are two approaches that may
be taken when shock or vibration are prescent. Either isolate the equip-
ment or build it to withstand the shock or vibration. The problem with
is.Jation is that cffective, simultaneous control of both shock and vi-
bration is difficult, When only one or the other is present, special
mountings arc often used.

b. Hecat. In virtually any kind of system, heat buildup increases
the possibility of failure. Commonly used methods of heat transfer
include frec convection, forced air cooling, liquid cooling, conduction,

radiation and vapcrization cooling.

c¢. Corrosion. The following desi;n considerations are used
to provide protection against corrosion:

(1) Use corrosion resistant materials.

{2) Use plating and protective {inishes.
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(3) Avoid dissimilar metal contact,

(4) Control the environment (prevent water entrapment,
remove atmospheric moisture, etc,)

5-8. Identification and elimination of critical failure modes. a. Fail-
ure mode and effect analysis (FMEA) is an effective technique for
revealing design deficiencies and potentiai hazards. The FMLA teamr,
to be most effective relative to reliability, should include a reliability
and a design engineer.

b. FMEA is nothing more than a thorough analysis of the questions:
"How could ... fail?'" 2~ "What would happen if ... fails? ' FMEA is
more than a check on a ' :sign, The design concept can be developed
using this technigue as follows:

(1} Start with a functional block diagram to determine import-
ance of each function.

(2) Based on this importance, certain configurations may be

developed.

(3) Analysis of the resulting design for compatibility between
failure effects and predicted failure probability,

5-9. Self-healing, A design approach wnich has possibilities for future
development is the use of self-healing devices. Perhaps the simplest
example of a seif-healing device is - rire with a layer of sealing com-
pound which will seal any small punctures. A similar technique is used
in some aircraft fuel cells, In this case, a puncture exposes a layer

of uncured rubber which swells to seal the leak. Automatic sensing and
switching devices represent a form of self-healing.

5-10. Detection of impending failure. Achieved reliability in the field
may be facilitated by the introduction of methods and/or devices for
detecting impending failures., Such devices may be used for:

a, Screening of parts and components,
b, Periodic maintenance schedules.
¢. Monitoring of operating equipment,

5-5
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5-11. Preventive maintenance. a. For continuously operating

repairable items, preventive maintenance procedures may greatly
enhance reliability when recormended practices are followed. Be-
cauge such practices may be difficult to comply with, the designer
may add to achieved reliability by avoiding the need for preventive
maintenance to the highest degree possible.

VP | P ST
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b, When the need for preventive maintenance cannot be
avoided, the design should provide for the longest possible period ) . -
between auch maintenance, and above all must be consistent with oo T

the overall maintenance policy, the availability of skills, and accessi-
bility.
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c. Finally, the technical manuals must emphatically call out 3
the schedule and importance of such maintenance to reliability; and
it may be desirable to place prominent labels containing maintenance
instructions directly on the equipment.

|
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5-12, Tolerance evaluation. A design is not considered complete
until it has been determined that the different types of tolerances
cannot combine in such a way as to interfere with the intended func-
tion. In a complex item, it is necessary to consider the expected
range of manufacturing process variance, operational environment,
and all stresses, as well as the effect of time. Tolerances resulting
from environment (temperature, etc,) and time must be added to
manufacturing tolerances in order to determine the real operational
distribution, Some miethods of tolerance evaluation consist of:

a. Worst case tolerance analysis. Determining whether the , .
equipment can perform properly with all parts simultaneously at their o
tolerance limits and in such a direction as to produce the greatest ;
deviation of nominal performance. . .

b. Statistical tolerance analysis. A statistical procedure
determining the manner in which individual parts tolerances affect
the overall tolerance. This avoids the inherent pessimism of the
worst case approach.

¢. Marginal checking. A quantitative method for stating
what sensitivity a given circuit has to variations in its components.

5-6
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5-i3. Prediction and apportionment. a. The role of reliability pre-
diction during design is that of providing an evaluation of a proposed
design and to provide a comparison of alternative designs. Similarly,
apportionment provides an approach for identifying reliability goals

for subsystems in such a combination so as to afford design feasibility,
Generally, these procedures may be useful in the following applications:

{1} As a planning tool for the initial establishment of re-
liability requirements.

{2) As a design tool to guide the designer in the choice of

parts to meet the specified reliability requirement.

(3) As a design review tool by management for the evalua-
tion of design adequacy to meet the reliability requirement and to point
up potential reliability problem areas for design correction,

(4) As a monitoring tool for the assessment of development
program progress toward established goals to predict and circumvent
oncoming problems before the hardware stage.

b. Design reliability assessments can be divided into two
phases:

(1) The conceptual or design proposal phase. A predic-
tion is based on the design concept as reflected in development speci-
fications and early design documentation.

(2) The design or development phase. Predictions are
based on the actual design,

c. For prediction and apportionment methodology, see chap-
ter 4.

5-14. Human engineering. Mistakes by people often result in failure
nf an item to perform its function. Therefore, human activities and
limitations may be very important to item reliability., The reliability
of people can be influenced by the design engineer by considering the
factors which directly refer to human aspects, such as:
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; a. Human factors.
b. Man-machine interface.

c. Evaluation of man in the system.

3 d. Human reliability.

Frequently a design engineer wishes to evalu-

. ate the life of a new product or process in relation to the old. In making

i a decision, he should perform a statistical evaluation on the variation .
between the two sample results; or, in other words, he would state that

| 5 the new product or process is better only when he could make the state-

f : “ment with a statistically high confidence of being correct, A common

ll : method for determining the confidence is the mean life ratio approach.

!

E I 5-15. Mean life ratio.
| :
i

Section III. RELIABILITY REVIEWS

5-16. General. a. A reliability review is defined as planned monitor-
ing of a product to assure that it will meet the expressed and implied
performance requirements of the equipment during operational use.
Such a review provides periodic appraisal of the design effort to deter-
k : mine the progress being made in achieving the design objectives and

systematically brings to bear specialized talent on specific problem
| areas.

In this manner, an overall evaluation is made to identify speci-

fic reliability problems that may be encountered later in the develop-
ment and production cycles.

b, Realization of the full worth of reliability design reviews
requires that system program personnel actively participate in the de-

sign review process on all development programs which result in items
entering the military inventory.

5-17. Basic review philosophy. Reviews may be profitably applied
at any point during design activities ranging from concept to produc- '
tion. Design chang s during the early design reviews generally re-
5 : qguire very little engineering effort since they usually involve only
paper changes of a part, dimension, or value; although redesign of
L components might at times be mandatory.

Design changes occurring

prYIens
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during subsequent design reviews involving changes to drawings, modi-
fications, replacement of existing hardware, replacement of field per-
sonnel, etc., will be considerably more costly. The periodic review
of reliability at key points in the development program facilitates de-
tection and correction of actual or potential problems prior to the final
design,

t
H
H
4
i
t

5-18. Required review points. A revicw schedule should include the
time-phased events representing the appropriate milestones at which ~ _
formal reviews are made at major decision points, The number of T e
critical decision points will vary according to the type of development
program underway. The reliability management milestone guide in
appendix B covers the basic reliability review points in the materiel i Sh
: life eycle. As reliability reviews are normally repetitious, it is
recommended the review points be pranded and reoriented to con-
form to each unique program. - o T T

5-9
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CHAPTER 6
DEMONSTRATION AND TESTING

Section 1. INTRODUCTION

6-1. General. a. The design and proper use of adequate test and
demonstration methods and procedures is of prime importance if the
user is to be assured a reliable equipment for field use. This chap-
ter is devoted to a general description of such methods and procedures
which are applicable to a wide variety of equipments and components,

b. The purpose of reliability demonstrations and tests is to :
determine current item reliability level, The demonstration of hiyh
reliability with a high level of confidence usually requires testing of
a greater number of items than are available, especially when con-
cerned with complex or expensive items. Thus, it is important to
design tests in such a manner that maximum information can be ob-
tained from a minimum amount of testing. The efficient use of
statistical techniques is often essential. '

¢. A major problem in the formulation of adequate tests is
that of simulating a realistic use environment. During its lifetime, /
an equipment may be subjected to many environmental factors or
stresses such as temperature, vibration, moisture, acceleration,
rough handling, etc., and these stresses may be encountered singly, i
simultaneously, or sequentially, :

d. The ideal test program should provide continuity of relia-
bility assessment activities from prediction through end item dem-
onstration and testing activities. 4

Section II. RELIABILITY DEMONSTRATION AND
TEST PROCEDURES

6-2. General. a. Reliability demonstration and test procedures
are applied in order to gain information concerning failures and their
frequency of occurrence,
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b, Demonstration of reliability may be accomplished by the
testing of sample items and may be defined as the process of placing
an item or procuct under a specified set of conditions and observing
the results. Such tests may be applied to systems, subsystems, or
components.

¢, Developmental tests are quite useful for estimating the
values of certain reliability parameters, or deciding whether the re-
liability parameters have reached an acceptable level at the particular
stage of development. Statistical estimation techniques and statistical
tests of hypotheses, respectively, are utilizedsfor these purposes.

d. Acceptance tests are used for deciding whether the relia-
bility of an item is at an acceptable level. This is merely an adapta-
tion of the above -mentioned tests of hypotheses. Statistical analysis
will provide measures of the risk involved in these inferences, -

e. Life tests may assume any of several different test dis-
ciplines. The test may be terminated after a preassigned time has
elapsed, or it may be terminated when a preassigned number of failures
have occurred. For ecither termination criteria, the test may be con-
ducted either by replacing or by not replacing items as they fail. A
major difference between the test disciplines is that time terminated
and nonreplacement tests usually are simpler to conduct than are
failure terminated and replacement tests.

1, Several types of analysis may be applicable to a particular
testing situation. The determination of the appropriate type must be
taken into account during pretest planning. Among the common tech-
niques to be discussed include: parameter estimation, testing of
hypotheses, acceptance testing, regression analysis, accelerated
life testing, and stress-sirength testing.

6-3. Parameter estimation. a. For each population of components,

subsystems, or systems, there exists one or more numerics which )
describe the entire population. These numerics are called population

parameters, [f the important reliability parameters of a population

were known, reliability testing would not be required. However, in

practice, they are not known, and we must resort to submitting sample

items to tests in order to estimate these parameters,
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b. A population may be a group of existing items, or it may
pertain to items potentially generated by a process., The difference
ie reflected by the interpretation of the estimated parameters. In
the first case, the estimated parameter describes existing items or
equipments; and in the second case, the estimated parameter de-
scribes the capability of the process for generating reliable items.

¢, An estimate of a reliability parameter may take the form
of either a point or an interval to which a degree of confidence may be
attached. A point estimate i& merely a single number which is de-
fined as the estimated value of the parameter of interest, e.g., the
population MTBF r.aay be estimated as 100 hours. The confidence

interval consists o. the statement that the parameter falls between

two numerical values with the associated degree of confidence. The
confidence interval is, in effect, a measure of precision,

d. The estimation of reliability parameters is facilitated if
the underlying distribution of failure times is known. Analysis tech-
nigues which do not depend on a known failure time distribution are
known as nonparametric techniques. In general, nonparametric re-
liability analysis has the advantage of providing information without
prior knowledge of the failure distribution, but it also has the dis-
advantage of less precise information than that obtained when the
urderlying distribution is known.

e. Knowledge of the failure distribution usually depends upon
historical information about similar items or upon a relatively large
sample by which the hypothesized distribution can be tested, Since
most development tests are based upon a small sample of prototype
models, and in many cases no historical information exists for simi-
lar items, nonparametric analysis may be necessary.

f. Appendix F contains several analysis procedures per-
taining to the estimation of reliability parameters. These apply to:

(1Y Unknown distribution of failure times.

(2) Determination of the underlying distribution of
failure times,
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{3 Normal failure times,
{4\ Exponential failure times.

{5V Weibull failure times.

6-4. Tests of hypotheses., The preceding comments on test analysis
were concerned with estimating the value of certain paramecters., T

is sometimes more meaningful to decide whether or not the parameters
are at acceptable levels. Such decisions may be accomplished by hy-
pothesizing a value for the parameter of interest and using the test re-
sults to decide whether the hypolthesis should be accepted or rejected,
These procedures are referred Lo as tests of hypotheses and are dis-
cussed in detail in appendix F.

6-5. Acceptance testing. The test of hypothesis, when used as a
basis for accepting material, is sometimes referred to as an accept-
ance tesl. There are a number of government documents which ¢on-
tain recliability test plan tables.
dix F.

These, too, are discussed in appen-

6-6. Regression analysis.

Regression analysis sometimes may be
used to determine a reliability parameter for various stress levels

or design characteristics, such as determination of the mean time to
failure at different levels of stress, e.g., determination of the rocket
bursting pressure for different wall thicknesses, The determinations

are uscful for evaluating equipment design, identifying trouble areas,

and polential corrective activities, etc. Regression analysis tech-

nigues are sometimes used to generate this type information from
test results, For these methods, see appendix I,

6-7. Accelerated life testing. a. Life tests, conducted at or near
normal operating stresses, have proven useful for evalualing an

equipmenl with regard to reliability and for providing data to be used
in reliability improvement activities,

The extreme test duration time
posus a serious problem when conventional life testing procedures are

used to demonstrate very high reliability, This life test duration time
can sometimes be shortened, however, by utilizing the functional re-
laticnship between life characteristics and variable stress conditions.
The technique of inducing failures by subjecting test items to exces-
sive stresses is known as accelerated life testing.
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b. The primary purpose of accelerated life testing is to re-
duce the time required to obtain failure data, This data, however, is
not representative of reality and must be transformed to failure data
pertaining to normal stress conditions by means of a functional rela-
tionship between stress level and failure occurrence,

¢, Accclerated life testing can be successful only if the func-
tional relationship is available from existing sources or if it can be
determined experimentally, and if additional modes of failure are not
introduced.

d, MIL-HDBK-217A, Rcliability Stress and Failure Rate
Data for Electronic Equipment, provides data concerning stress levels
versus failure rate for certain electrical components. The data in
this handbook were intended for reliability prediction purposes, but
the included adjustment factors would allow failure rate transforma-
tion from one stress level to another,

6-8. Stress-sirength testing, a. Stress-strength testing techniques
may be used for evaluating reliability in instances when time or dura-
tion of mission does not contribute significuantly to failure, e.g.,
mechanical devices and one-shot devices. Analysis techniques for
evaluating reliability for stress and strength are discussed in appen-
dix A.

b. Stress testing gencrally involves simulated usage of the
item of interest to determine the stress distribution, The stresses
incurred are determined by using such things as strain gages, plastic
models, polarized light, etc. The results arc as dependable as the
accuracy of simulation of manufacturing variations, operational ea-
vironment, external stresses, time effects, and other important
variables,

¢, Strength testing usually involves some variation of test-
ing under increased stresses until failure occurs. The strength
distribution can be determined by a numbecr of tests to failure caused
by continually increasing the stress load. For such tests, it is ex-
tremely important that failure be precisely defined before testing.
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d. The method of increasing stress of an item until it fails
is applicable only if there is no degradation of strength due to the
preceding stress level. In this case, one-shot testing may be per-
formed where an item will be subjected to a given stress level; but
if it does not fail, it will not again be tested at an increased stress
level. By properly selecling the test stress levels and recording
whether the item failed, it is possible to determine the stress dis-
tribution,

6-9. Reliability testing and the total test program. In general,
tests should not be conducted solely for determination of reliability

-characteristics, but should include consideration of other technical

characteristica. Thus, reliability personnel should be acquainted
with the overall Army test program. To fulfill the AMC testing con-
cepts, an item of Army materiel must be tested at appropriate points
throughout its life cycle. The reliability considerations associated
with life cycle testing are shown in appendix B,

Section III. TEST DESIGN

6-10. General. This section furnishes guidance in the application of
the Army testing concepts to test planning and design. In addition, a
test matrix is discussed as an approach for development of an effec-

tive test program,

6-11, Test procedures. Test conditions and methoids of data analysis
are preplanned on the basis of engineering requirements, test method-
vlogy, and statistical considerations. The following cycle must be
completed if effective and unbiased test results are to be achieved:

a. Define the problem,

b, State test objective,

¢. Establish test requirements.
d. Design test.

e. Implement test,

f. Analyze results,

6-6
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6-12. Importance of technical characteristics. a. The approved
statement of the military need for a new end item or system is con-
tained in thc QMR/SDR. A statement of essential characteristics may
be derived from this document to provide the basic elements of a de-
sign matrix, Such a matrix serves as guidance for development of
the item or system in response to a stated military need,

b. In order to develop an efficient test design, it is essential
that key performance parameters be identified to assure that the test
program is comprehensive and complete. Some important determina-
tions relevant to an efficient test design follow,

(1) Definition of the overall mission of the systern under-
going test and evaluation,

{2) Breakout of the overall mission into major system
characteristics,

{3V Further breakout of each major system characteris-
tic into a relatced set of subsysterm characteristics,

{4) ldentification and definition of required subsystem
characteristics necessary for each element of the system requiring
evaluation.

(5) Determination of critical high risk characteristics
which are essential to successful system performance.

¢. These determinations provide an orderly breakout of per-
formance characteristics such that the test results may be evaluated
againsl some given standards or performance criteria. The perform-
ance criteria must have been based upon an associated rationale trace-
able to intended tactical performance,

d. End item performance criteria are incorporated into the
overall test plan through application of appropriate prior data, use of
mathematical modeling ana simulation techniques, use of statistical
techniques, and engineering analysis,
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6-13. Design of test programs. a. The following discussions apply
to test programs planned during any pcrtion of the materiel life cycle,
It should be kept in mind that program emphasis changes as the item
moves from conception to obsolescence,

b. The relationship between stated performance characteris-
tics, performance criteria, criteria rationale and sample require-
ments are cutlined in figure 6-1, This figure represents the require-
ment for a generalized test matrix upon which a comprehensive set

) of development and test objectives can be based.

c. Figure 6-2 provides an example of a partial engineering
and service test matrix. The matrix for other tests may be developed
in a similar manner,

d. A test matrix provides a ready outline for the development
of a comprehensive set of test objectives, Detailed test objectives
provide the basis for a test plan. Each objective should discuss the
primary purpose of the test, the relationship of the specific test to the
purpose of the overall test prcgram, and the test standards which re- -
quire satisfaction. In all cases, the performance criteria associated
“with each performance characteristic ghould be included. This in-
formation, coupled with the test method to be employed in the execu-
tion of the test and the data to be obtained from the test, constitutes
the major portion of any test plan,

e. Verification of technical performance with a reasonably
high level of confidence requires a well-designed test program. In
conjunction with engineering analysis and test methodology determina-
tion, modeling and statistical analysis techniques are useful for de-
velopment of a test program,

(1) Modeling. The application of modeling is a valuable
engineering tool which provides a means of analyzing dependent sys-
tem characterisgtics to identify maximum stress conditions. Modeling
technigues provide preliminary performance estimates which can be
subsequently verified through test; thus reducing the empirical element
in test planning. Some reliability modeling approaches are treated in
appendix D,

(2) Statistical techniques. Some techniques for analysis
of test results are shown in appendix F.

6-2
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CHAPTER 7

RELIABILITY EVALUATION, FAILURE ANALYSIS AND CORRECTION
--THE FEEDBACK LOOP

Section I, INTRODUCTION

7-1. General, a, Reliability improvement may be characterized by
five policy type objectives in order to concentrate the project resources
effectively, These are represented by a reduction of;: safety hazards;
catastrophic equipment hazards; failure rate of highly replicated system
components; relatively high subsystem failure rates; and failures which
produce very high support costs, Implementation of these objectives

is brought about through increased technical understanding and improve-
ment of the design, Data analysis is used by the engineer as a tool to
identify those areas where greater technical understanding must be
developed, The nature and true value of the reliability improvement
program thus lies in the conscientiousness and rigecr with which relia-
bility personnel investigate problems or weak areas and follow up with
corrective action. The determination of which problems to pursue, to

what lengths and by what means, should be based upon thorough under-

standing of the system, Army policies, contractual limitations, and

experience with previous problems. In areas not covered by established
Army policy, procedures or experience, it is necessary to pursue what-
ever areas seem to promise the most benefit to overall itern reliability.

b, Field operation, in addition to development testing, can be
viewed as an extremely important -~ albeit costly -- source of relia-
bility data. A failure reporting prograrn should never be implemented
before making a careful analysis of what data is to be measured, how
the data is to be analyzed and interpreted, and what can be done to
correct the system faults as a result of such interpretation. The pur-
pose of this chapter is to provide guidance for planning such a testing
and feedback information program.

c. In planning for data collection, it is just as important to collect
data on successful or satisfactory operations as it is to collect data on
failures. The use of statistical analysis techniques should be explored
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since programs may sink from their own weight where requirements
for data collection are excessive., In addition to collecting data, care
must be taken to assure that the lessons learned from experience are
recorded and that failure modes are identified. Data collection should
include plans for incorporating proper statistical procedures for
evaluating the data, Decisions resulting in corrective action should
be made with careful regard for the system mission requirements and
the effective use of available resources.

Section II, OBJECTIVES OF A POSITIVE MATERIAL FAILURE
ANALYSIS AND CONTROL SYSTEM

7-2. Objectives. In order to develop a positive material failure analy-
sis and control system (FACS), the following objectives should be

"adhered to.

a, Provide only the pertinent facts needed to evaluate the criticality
of a failure by:

(1) Collecting both success and failure data.

(2) Using accepted statistical analysis techniques to provide
a confidence level and assure the precision of the data,

(3) Taking care to gather data pertaining to all failure modes.

b. Timely distribution of failure data and information to all
organizational elements needing such data through the use of a simple
and quick response data collection and reporting system,

c. Provide for the cause and effect of failures to be established
and evaluated by the proper organizational eiement in a methodical
manner which uses appropriate statistical techniques and quantitative
application of engineering principles.

d. Assure that cost-effective and timely corrective action is
taken by:

Bt
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(1) Preplanned and scheduled steps for handling an identified
reliability problem.

(2) Requiring that changes be made with due regard for the
stated mission-responsive requirements of the system.

(3} Requiring that coste-effectiveness principles and the official
guidelines on this subject be adhered to.

e. Closing the loop on each action using the methods of data collection
and evaluation provided by the system to verify and evaluate the effective-
ness of the action,

Section [ILL, METHODS OF DATA COLLECTION
AND DOCUMENTATION

7-3. General, a., Data collection involves some me.iod of placing data
on individual events into source documents or records, Documentation
for reporting purposes involves assembling data on individual events
into composite reports which present the information in a meaningful
and usable form. Masses of data improperly collected and assembled
will not provide needed information. Thus, the requirements for what
data is to be collected, how it is to be collected, and how it is to be
reported are fundamental and tasks which must be approached with
great care in planning. If this is not done, a tremendous amount of
effort and resources may be expended on an effort which has relatively
little value.

b. Basically, data requirements consist of two factors: data
elements and data reports. The data elements form the basis for de-
vising individual event source document forms. Choice of data elements
must be based on the requirements of the reliability reports program.
Data reports reduce the many individual data source documents to
manageable and meaningful form which communicates pertinent informa-
tion to decision makers. The requirements for these reports must be
based on a detailed, planned concept of how reliability analysis and
evaluations are to be performed. From such a plan, the minimum
information needed in each report and the report format can be con~
structed.

7-3
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c, After establishing the requirements for the data elements
and data reports, the method of implementation is selected. imple-
mentation may consist of using an existing Army data collection and
reporting systemn if it meets the requirements, or the procuring agency
may elect to develop its own data collection and reporting system if
resources are available,

7-4. Reliability data sources. The design engineer is dependent

"upon data feedback of part performance and failure data from a wide

range of applications and use environments if he is to optimize design
reliability., Some specific sources of such data follow:

a. MIL-HDBK-217A, Reliability Stress Analysis for Elec-
tronic Equipment. This handbook provides a source of parts failure
rate data for standard electronic and electromechanical parts. Catas-
trophic part failure rates observed over wide ranges of electrical and
thermal stresses have been analyzed and presented in a form which
permits determination of the most likely failure rate for a given set
of stresses.

b. The Army Equipment Record System (TAEKS). The
TAERS system is designed to provide field commanders, commodity
command managers, project managers, and top-level headquarters
with problem-solving data for improved materiel readiness. It is
an official Army method for reporting information necessary for con-
trol of operation and maintenance support of Army equipment.

c. Tri-Service and NASA Failure Rate Data (FARADA)
Program. The purpose of the FARADA Program is to provide part/
component failure rate and failure mode data to reliability engineers
and design engineers engaged in the design, development and produc-
tion of hardware for the entire spectrum of military and apace appli-
cations, The information presented in the FARADZ. ilandbooks has
been obtained from operational experience on military and space
equipments from many tri-service and NASA contractcrs and govern-
ment agencies. As a result of applying engineering and statistical
techniques to failure rate data, the program provides design and re-
liability engineers with ready access to analyzed, summaurized, and

7-4
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descriptive statistics of failure rates at the component/part level.
If properly applied, the information will provide a means of numeri-
cally assessing the probability of survival (reliability) of an item
prior to or simultaneously with the construction of hardware. As
experience in the use of this method is gained, refinements can be

made, and improved design should result, In detail, the program
coverae:

(1) Stress analysis: to assist designers in performing
quantitative reliability stress analyses by providing operational stress
data on parts/components,

(2) Environmental factors: to provide data on various
operating modes influencing failure rates and highlighting the critical
functional environmental stresses of each mode.

(3 Application factors: to provide data which modify
the basic failure rate in order to allow for different applications of
the parts/components,

(4) Performance degradation: to provide data on stability

or degradation of parts/components under a specific set of application
conditions,

The FARADA Program is directed by the Navy and is administered
and implemented by the U. S. Naval Fleet Missile Systems Analysis
and Evaluation Group (FMSAEG) at Corona, California.

d. Inter-Service Data Exchange Program. (1' IDEP is a
tri-service program for the exchange of part test reports to assist
system designers in the selection and application of reliable part
types. The test data exchanged includes, but is not limited to, that
obtained from: qualification or certification tests; production accept-
ance tests; diagnostic or design and development tests; general or
comparative evaluation tests; reliability, exaggerated stress, and
life tests; controlled data collection and sampling programs.

(2) The IDEP exchange program does not summarize or
edit test reports; instead, the three distribution centers (one for each
service) act as clearing houses. Contractor test reports are for-
warded to their appropriate service distribution center where they
are reproduced and forwarded to other participants in the program.
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(3) The Army IDEP contact is IDEP Office, Redstone

Scientific Center, U, S. Army Missile Command, Redstone Arsenal,
Alabama,

7-5. Reports. a. Reports are the products resulting {rom the data
elements, They summarize for management the status on various
system parameters such as: reliability, availability, maintainability,
parts usage rates, capability, system effectiveness, etc,

b. Within the scope of official guidelines, the procuring agency

has freedom of action for developing its own methods to meet the stated

requirements, as weil as the restraints imposed on it by resources,
etc.

c. For the reliability portion of the program, reliability data
files should be established for Army materiel and that the following
technical type data should be recorded where appropriate:

(1) Critical design or manufacturing features.
“(2) Applicable specifications or standards,

{(3) Modes of failure.

(4) Causges of failure.

{5) Stresses at failure.

(6) Methods of detection or test,

(7) Type of failure distributions.

(8) Recommended necessary preventive or corrective
action,

(9) Estimate of reliability for various applications.

(10) Prime manufacturer and alternate sources,

7-6
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d. The above technical type data is to be collected during
the development and testing phases. Such items provide the quanti-
tative and engineering data upon which a decisian for actions may be

based.

e. In addition to technical type data, tactical and operational
data accumulation is required and should be organized so as to pro-
vide background information for combat development purposes. Speci-
fic items of data must be patterned according to the nature of the item.

~Where appropriate, the data should include information concerning:

{1) Mission reliability with respect to the overall mission
assigned to the field unit.

{2) Reliability data for tactically or operationally sig-
nificant phases of the overall mission.

(3) Data for environmental and operational conditions
varying from the normal.

7-6. Selection of data elements for data collection forms. a. In
selecting or developing data collection forms for use in a reliability
program, the following data elements are suggested:

(1) Using unit.

(2} Equipment identification (aircraft tail number, gun
tube number, etc.).

(3) Data of failure,
(4) Identification of failure (part number, subsystem, etc,?,

(5) Result of failure (red-X, mission abort, launch hold,
item not available, etc.).
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(6) Total system time (flight hours, equipment hours, miles,
rounds fired, etc.).

(7) Number of previous failures of this type on the equipment.
(8) Time to each previous failure of this type.

(9) Characteristic of the failure (cable jammed, receiver
intermittent, heavy vibration, out of specification limits, ctc. ).

(10) Environment in which the failure occurred (use conditions),

b, It should be kept in min? that the above list of elements is by no
means complete, However, thece are basic to reliability analysis and
status reporting. In order for a reliability program to effectively
utilize data source documents, a system must be established to handle
the paper flow and ceduce it to a compact and comprehensible form,

The basic requirement is to determine the minimum needed data
elements and then synthesize these into a composite tosm from which the
required reliability analysis ard reports may be generated. Obviously,
an alternative to using established forms and systems is to develop a
data collection system tailored strictly to the project. The latter
method is probably the most efficient, relative to a specific project.

Section IV, FEEDBACK CYCLE

7-7. General. a. A basic failure analysis and corrective action feed-
back loop should determine: what failed; how it failed; why it failed;
and when it failed.

b. Failure data provides information to determine the first two
factors., The third, essential to corrective action, usually requires
information which can be obtained only by laboratory study and/or
engineering analysis of the problem areas uncovered by failure analysis,

¢. A well planned failure reporting program provides important
inputs for reliability improvement, Such a closed loop feedback cycle
is illustrated in figure 7-1, Data collection is only one task of several

7.8




——— s — e em e

P AR vy et

B T o,

|

/ 0RTING

JECISION
AN

PLANNING

L

OPERATIONAL

EXTENDED

FEFDBACK
CYCLE for

INTERNAL

RELIABILITY

EXTERNAL

Vs

i ANAL)SIS
PERFORNANGE |

TRENDS
INPACT

Figure 7-1

Feedback Cycle for Reliability

AMCP 70z-3

JAIA
CATHERING

STTISTICAL pata

T o

TEST R(SaLls

VSR FLEBRA

7-9




W

o

o il Sk 08 R BR300 I

AMCP 702-3

in a well conceived reliability program plan, Contained herein are
some basic requirements of a data collection system, data sources,
and data uses, This discussion is concerned with three major phases
of an overall program; namely, the design and development phase,

the manufacturing or production phase, and the operational or field
evaluation phase,

7-8. Design and development phase requirements, a. It is during
this phase that system inherent reliability is planned and established,
Various test programs are conducted at this time. Examples of
these tests are those conducted at the part level, breadboard and
prototype assembly and subassembly levels, and many times, at the
prototype system level,

b. Some very meaningful reliability data results from initial
tests performed in the engineering laboratory under either room
ambient or controlled environmental conditions. The collection
system should provide for the routine collection of these data, either
by completion of failure report forms by test personnel, or by lifting
the desired data from the test logs by the reliability personnel, or a
combination of both. It is very important that due consideration be
given to the total planned test program -- not only those tests that
are to be performed during the design and development phase, but
for all phases of the overall program as sources for reliability data.
It is at the beginning of & proposed program that the reliability
engineers should plan and coordinate with other activities for their
total data needs and the manner in which these data will be timec
phased as inputs for use during the performance of the other relia-
bility tasks.

7-9. Manufacturing or production pnase requirements., a, As
sources of data, the procuring agency reliability personnel should look
to the areas and agencies responsible for the preservation of reliability;

namely, manufacturing (production), handling, storage, maintenance,
and test,

b. Thus, data gathered can be separated into broad categories
ag quality data and reliability data. Quality data includes records of
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£ inspection and testing; e.g., g0 no=-go tests, measurements of vari-
ables such as resistarce and capacitance to determine conformance
to established technical requirements contained in specifications,
drawings, and purchase orders. Reliability data on equipment is
developed during preproduction stages in order to detect equipment
weaknesses before release to production and to obtain a quantitative
estimate of equipment reliability. Reliability data on parts and/or
components is developed during the production stages to assure that
the equipmient inherent reliability is not unduly degraded by manu- .
facturing processes. When the data indicates excessive failure rates, @~~~ L
corrective action should follow,
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7-10. Operational or field evaluation phase requirements. a, Ob-
taining timely, accurate and complete reliability data from the field
is probably the most difficult, People who are more concerned with
getting the equipment to function (their prime mission) may be lax in
reporting data (failure and success). An initially well conceived data
collection plan which is properly coordinated should reduce data
collection to a routine activity,

R .

ey

; b. Data sources include cperational logs, contractor's report i
forms, and reports associated with the Army equipment failure report- e
: ing system. |

c. The types and evaluation of field failure and repair data are iy

much the same as those for other phases of the equipment life cycle. i
However, greater emphasis is given to cperational malpractices and :
] incompatibility between inplant performance specifications and opera- :
tional specifications. During the operaticnal phase of a given program, :
the reliability engineer should be exerting a great deal of effort to
uncover the causes for equipment and system unreliability by searching !
out both quantitative and qualitative information pertaining to failures, ;

i Section V, STEPS FOR UTILIZATION OF FAILURE DATA

7-11. Procedural steps, Of the many questions which may be asked of
a failure reporting system, and among the most useful when answered, is:
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What, within an equipment, contributes most to its unreliability? The
following represents a step by step approach for analyzing present
failure reports, whether originating in the field, at a test facility, or
in a contractor's plant, designed to answer this question,

a. Step 1, Organize the data, Reliability data should be evalu-
ated at planned periods throughout the program and should be tailored
to each specific phase. A reliability data center is useful in the
realistic assessment of current reliability levels, It is a tool which
enables failure data to be used in indicating where design improvement

- -and support is needed and is a necessary storehouse of vital informa-

tion to be used in engineering, manufacturing, quality, and service
activities. Here, the data is generally arranged iirst by identifiable
subasaamblies within the subject equipment; then by subsystem or part
reference designation. (This step is easily accomplished by machine
sorting of data when information is transcribed on punched cards or
tape. )

b. Step 2, Frequency analysis, The data center can be inter-
rogated to provide failure data; failure times; accumulated operating
time on the system or equipment; and total accumulated number of
failures for a selected subsystem, assembly, or component. Con-
tinuous updating of reports wiitl provide continuous management
visibility of the reliability program. Information may be arranged as
to frequency of failure occurrence vs. subsystem for the purpose of
identifying those subsystems causing the most trouble. This proce-
dure can then be repeated through descending levels to identify most
troublesome assemblies, components, or parts.

c. Step 3, Selection of vital failures. Failure types considered
vital should be sought and can be recognized as those failure modes,
failure parts, and problem areas to which reliability improvement
effort can be profitably applied. Specific components and subsystems
which fit into this category are:

(1) Those whose failure markedly affects the safety of the
system both in terms of human safety and equipment destruction,
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(2) Those which appear in large numbers in the system,
(3) Those whose failure results in high support costs.

(4) Those whose reliability level is relatively low with
respect to the rest of the system.

d. Step 4, Problem evaluation. Identification of vital failures
within trouble some subsystems, assemblies, etc., is not enough to
satisfy the requirement for a scund reliability intelligence system,
Corrective action can only be accomplished if the cause can be deter-
mined. This is an engineering job consisting of such things as quality
audits, laboratory tests, engineering evaluation, etc. It is through
these methods, coupled with the routine observation, interview, and
data eavaluation, that failure causes can be isolated and necessary cor-
rective action initiated,

e. Step 3, Determine corrective action. Corrvective action
must be carried out with the objective of providing a design change or
modification which mitigates the causes cf failure. In generating a
technique for handling corrective action, prime consideration should
be given tc a systerm which would prevent discrepancies from escaping
detection, tap the many available sources of data, and be rapid and
comprehensive in its closure action. Figure 7-2 is a schematic of a
typical corrective action system. All changes. including corrective
actions, shall undergo engineering-reliability analysis. This approach
is applicable to all phases of the life cycle.

f. Step 6, Implement. Implementation of corrective action
involves the developing of a new design or modification of an existing
design within a system. Once the problem area has been recognized
and defined, the cause identified, and corrective accion initiated,
there must be a means for implementing this change in the program,
This implementation can be accomplished in many ways, such as:
procedures, engineering change proposals (ECP), or modification
work orders (MWO). A point to remember is that implementation
must take place in a *imely manner in order for it to be effective.
This action complete the cycle for a closed loop feedback system.
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g. Step 7, Follow-up. The approach illustrated in the pre-
1 ceding steps will be useful and effective only if changes conceived,
tested, and introduced into existing systems or used to develop new
systems are evaluated and monitored to assure compliance with the 1
intent. Follow-up should also provide checks to determine whether
' the problem has been eliminated, and review to see whether new prob-
! lems have been introduced as a result of the corrective action.
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APPENDIX A

CONCEPTS OF RELIABILITY QUANTIFICATION

Section [. INTRODUCTION

A-1. General, Quantitative expression and measurement of relia-
bility requires an understanding of the concepts of probability and

-gtatistics. Probability serves as a measurcment scale by which relia-

bility is expressed and, as such, is a measure of the likelihood or chance
that an item will survive a required mission time for a specified intended
function and use environment. This appendix reviews a few basic rules,
symbols, and concepts necessary for quantification of reliability. The
review does not constitute an exhaustive coverage of the necessary mate-
rials. Further coverage may be found in various texthooks, professional

“journals, etc,

Section II. PROBABILITY

A-2. Definition. a. In general, the probability that an event A wiil
happen is the portion of time the event will occur over a large number
of trials. When only a gingle trial is to be encountered, the probability
that event A will happen is merely the relative chance of its happening.

b. The statement which follows provides a more formal defi-
nition of probability. Given an experiment, if an event may happen
in ""a" ways and fail to happen in "b' ways, and all of these ways are
mutually exclusive and equally likely to occur, the probability of the
event happening is

a
a+b

i.e., the ratio of the number of favorable ways to total number of ways
the event can happen. Symbolically, the probability that the event A
will happen is expressed: P(4).

c¢. The numerical expression of probability operates along a
dimensionless, continuous scale extending from C to 1. If P(A) = 0O,

A1 1A g1 B oA S Lkl P e

LS 1 o




AMCP 702- 3

the event A will not happen.

If P(A) = .5, the event A would be expected to occur in 50% of a large
number of trials. In general, high {requency events will be assigned a

probability value near one, and low frequency events will be assigned a
probability value near zero,

d. To illustrate the definition of probability, consider an ex-
periment consisting of a single toss of an ""honest' die. Find the prob-
ability that the upturned face will show an odd number,

Total number possible outcomes
resulting in odd number

P(odd
{odd number) Total number possible vutcomes

n

- 3.
3

T

This means that in a large number of tosses, about half of the tosses
would result in an odd number. The interpretation for a single toss
is that there is a 50-50 chance that the outcome would be odd.

A-3, Concept of a set. a. General. A brief investigation of set
notation and operation will facilitate the discussion of probability.
A set is defined as a collection of objects having certain specified
properties. FEach object belonging to the set is called an element.
The set that contains the totality of all elements that may appear in
our investigation is calied a space. A space has neither dimension
nor volume, but is comprised of a complete set of elements,

b. Definitions of specific sets.

(1) Infinite set, Set having an infinite number of elements.

(2) Finite set. Set having a finite number of elements.

(3) Empty set. Set having no elements.

(4) Subset. Sect consisting of several elements of ancther

set. A subset is, of course, a set and the operations on sets will be
applicable to subsets.

If P(A) =1, the event A will always happen.
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c. Examples of sets and subsets. The set of all prime num-
bers is (1, 2, 3, 5, 7, 11, +++). This is an infinite set, The set of
all planets is (Earth, Mars, Jupiter, Venus, Pluto, Saturn, Mercury,
Neptune, Uranus). This is a finite set with nine elements, The set
of all prime numbers less than 11 is (1, 2, 3, 5, 7). This is a finite
set and a subset of all prime numbers. The set of all integral quotients
greater than one obtained from dividing the prime numbers by 3 will
contain no elements, i.e., is the empty set. The set of all elements : §
on the real line between 0 and 1 is an infinite set. This infinite set is R
called a non-countable infinite set. The infinite set typified by the prime T
numbers is called a countable infinite set.

P T T Ty

ARG e,

d. Operations on sets.

(1) Let a space S be given and consider various sets in S. :
Let A and B be the subsets of S. This may be written ,

ACS, BCsS

which is read: the set A is contained in the set S; the set B is contained
in the set S.

(2) The set A U B called the union of A and B is the set
of all elements belonging to at least one of the sets A and B. To help :
in visualizing these operations, Venn diagrams will be used for illus- /
tration. The rectangie represents the space S, and the circles represent
the sets A and B, In figure A-1, the shaded area represents the union
of A and B.

Figure A-1
Union of A and B
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(3) The set A} B or AB, ! called the intersection of A

and B, is the set of all elements belonging to both the sets A and B.

In figure A-2, the shaded area represents the intersection of A and
B.

<U|ITHY

Figure A-2
Intersection of A and B

{4) The difference of A a..d B, designated by A is the
set of all elements that belong to A but not to B, In figure A-3 the
shaded area represents the set A-B.

Figure A-2
Difference of A and B

1 ANB and AB are used interchangeably in this document.
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2 (5) The set K, called the complement of A, is the set of
all elements in S that are not contaited in A. The complement of A
‘ is represented in figure A-4 by the shaded area.
Figure A-4
Complement of A
}
f
F (6) The foliowing example illustrates the urion, intersection,
‘ diffe~ence, and complement of sets. Let
|
}, S = (2, 3, 4, 8, 9, 11, 17, 20)
{ A = (2, 3, 4, 8) B = (3,8, 9 11)
j AUB = (2, 3, 4, 8, 9, 11)
| :
i
| ' ANB = (3, 8
I
i‘ A-B = (2, 4) B-A = (9, 11)
by A= (9, 11, 17, 20)
B = (2, 4, 17, 20)
A-4, Probability function., a. In counnection with a random phenomenon
' or a real or conceptual experiment, there will be zertain possible out-
comes. I the experiment is repeated under identical (or more practically,
E under nearly identical) conditions and the outcomes are recorded, intuition
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tells us that relative frequency of the possible outcomes will tend to

a fixed value after a large number of repetitions. These considerations
lead us to assign a number (weigiht or measure) to the randomn outcomes
and to talk of the probability of an outcome.

b. Define a sample space S as the set of all possible outcomes
of an experiment or random phenomenon, and the probability of an
i outcome as a rule that assigns a real number to each element of the
_ i .. sample space. A sample space, together with the assignment of prob-
i " “"ability numbers is called a probability space. An event is defined as
i a subset of a sample space, i.e., a definite collection of sample points,
The event A is said to have occurred on a trial of the experiment if
i the experiment results in an outcome that is one of the sample points
of A. There clearly are many possible events associated with an ex-
; periment (i.e., sample space). The aggregate of all subsets of S, plus
the uniorns, differences, intersections and complements of these sub-
sets, are the events associated with an experimen-,

c. We define then the probability function as a rule or function
that assigns a real number to each element of a set of objects, (i.e.,
the outcomes of an experiment). The probability of an event A, called
P(A), is defined to be the sum of the numbers (or weights) assigned
to each of the sample points contained in A. Some basic properties of
the probability function follow.

(1) 0< PA)< ]

2) P(A) = 1if A=8S. In other words, if A is the set

of all possible outcomes, then the occurrence oi une of the elements
of A is certain.

{3) P(A) = 0 if A is the empty or null set, denoted by ¢.
This implies that the set A contains none of the possible ocutcomes of
the experiment; hence, the occurrence of an element of A is impossible,

(4) P(K) = 1-P(A). This is known as the complemeintation
principle.

(5) P{(A U B) = P(A)+P(B})-P(A ) B) for every pair of events
A-| B-

-
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d. In many probability situations when the outcomes of a ran-
dom phenomenon are finite in number and the ocutcomes are equally
likely, we assign equal probabilities to the possible outcomes. For
example, in the experiment of tossing a coin, § = (H, T), the possible
outcomes are heads and tails and each is equally likely and has prob-
ability 1/2, In general, if

S=A1UA2UA3U--- U a_ whereAiﬂ.{xj = ¢

and the probability

P(A,) = P(AZ) = ... = P{A)), then P(Ai) =1/r,
For any event E = AU AZU"' U Ak where k < r and Ai n Aj =0,
the probability of E is

P(E) = P(Al) + P(A?.) LR P(Ak)

LR

=Ly
r

N

doee +

" —
L]

Sometimes probability is defined uring this concep*® where k is the num-
ber of equally likely ways favorable to the event E and r is the total
number of possible outcomes of the experiment or random phenomenon.
The probability of the event E is defined as the ratio k/r.

e, To exemplify the assignment of probabilities, consider
an experiment consisting of tossing a coin twice. The sample space
S is defined as S = ‘HT, HH, TH, TT), consisting of four outcomes
where HT denotes heads on the first toss and tails on the second, and
so forth. Since each is equally likely, we might assign the numbers
1/4, 1/4, 1/4, 1/4 to each of these sample points.

(1) Let E = event of a head on the first toss

P(E) P(HT) + P(HH)

i

1/4+1/4=2/4
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{(2) Let 1531 event head on first toss

EZ = event tails on second toss

El = (HH, HT) P(El) =2/4

E, = (HT, TT) P(E,) = 2/4
ElEZ = (HT) F’(E1 E?_) =1/4

 To determine probability of Ey ] E,. we sumn the probabilities of each of

the sample points favorable to event El J EZ.

E,\U E, = (HH,HT, TT) and P(E; U E,) = 1/4 + 1/4 + 1/4 = 3/4;
or, using the relationship,

P(E, U E,) = P(E)) + P(E,) - P(E\E,} = 2/4 + 2/4 - 1/4 = 3/4,

2

A-5, Independent and dependent events. a. Conditional Probability.

.. Given two events, A and B, the conditional probability of the event B,

given the event A, denoted by P(B/A), means the probability that B will
occur knowing that the event A has already occurred (or will occur).
This probability is defined as

P(B/A) = _PIAB)
PA)

This definition has intuitive appeal as may be seen trom the Veun diagram
in figure A-5,

Figure A-5
Illustration of Conditional Probability Relationship
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(1) Knowing that the event A has occurred, our attention
is turned to the set A. The =lements in A favorable to the event B
is the set AB, represented by the shaded area. The set A may now
be considered in a sense our sample space, and the set AB, the set in
A favorable to the event B, Therefore, the probability of the event
B/A is given by the ratio of the two probabilities, P(AB) and P{A).

(2) Nhote that this form also defines the joint probability
of the event AB. '

P{(AB) = P(A)P(B/A) = P(B)P{A/B)

(3) For example, consider the problem of drawing without
replacement samples of size 2 from an urn containing 3 white and 2
red balls. Let A be the event the first ball drawn is white and B the
event the second ball drawn is white. Determine P(B/A) the probability
the second bzll drawn is white given the first ball drawn is white, By
definition,

P(B/A) = B{AB) |
PA)

Three outcomes are favorable to the event AB, namely (wl, wz), (WZ' w3),

7N\
(wi,w,;), where w, is white ball i. Since thereare 2 ' - 3! _ _
1’73 t N2, 2131 0

possible outcomes, we assign the vaiue 1/10 to each outcome and,
hence P(AB) = 3/10. Relating the event A = (wl, Wy w3) to the 5 posgsible

outcomes of the first draw gives P(A) = 3/5. Thus, P(B/A) = (3/10)/(3/5)=1/2.
b. Independence. Let A and B be events defined on the same
probability space. The events A and B are defined to be independent if

P(AB) = P(A)P(B)

Events that do not satisfy the above relation. uip are said to be dependent,
The concepts of independence and conditio il probability may be defined
for n events

Al' AZ' Lo, An'

)

i
st bl

puicdi ‘*ﬁm“ummuﬂm‘\m
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-The conditional probability of An given that the events Al’ AZ’ ey, An-l
have occurred is given by

P(Anl’Al. AZ’ -..’ AT\_l) = P(Al' A23 A3, una’ %)
p(Al, Az, see, An..l)

and the n events are mutually independent if
7 P(AiAj) = P(Ai)P(Aj)
T PAAAL) = P(AP(A)P(Ay)
P(AjAy crAp) = P(A)P(A;) - P(A))
" for all combinations 1 2i7j_ kere< on,

A-6. Basic rules of probability, Certain basic rules of probability
“will be useful for reliability analysis activities. Some of these follow.

a. Multiplication, (1) Consider two events A and B with re-
spective probabilities of occurrence of P(A) and P(B). Then the prob-
_ ability of occurrence of both A and B is ’

"

P(A N B) = P(AB) = P(A)P(B/A)

P(B)P(A/B)

(a) To illustrate the above relationship, consider
drawing two cards {without replacement) from a well-shuffled, 5Z-card
deck. What is the probability that both cards will be aces?

{(b) Let A be the event of ar. ace on the first draw and
B the event of an ace on the second draw. Then
- P(A) =-5—‘21 and P(B/A) =

4 3 1
P(AE) = P(A)P(B/A) = 52 5T - 271




o

" Then A and B are defined as statistically independent events.

“ity of A working properly = 0.9 and that the probability of B working

AMCP 702-3

(2; If the events A and B are independent, the above re-
lationship reduces to

P(AR) = P(A [} B) = P(A)P(B)
because

P(B/A) = P(B) and P(A/B) = P(A).

(a) To illustrate this special case, consider an elec-
tronic assembly consisting of two independent subsystems: A and B,
functionally connected in series. Both subsystems must function properly
in order for the system to function properly. Suppose that the probabil-

properly = 0,8, Compute the probability that the system will function
properly.

P(A) = 0.9 and P(B)=0.8

(b} The event that the system will work properly is the
intersection of A and B.

P(AB) = P(A)P(B} = (0.9)0.8) = 0.72

b. Addition, (1) The probability that at least one of two events,
A and B, occurs, (i.e., either A or B or both) is

P(A U B) = P(A) + P(B) - P(AB)
where AU B is defined as A union B,

(a)} For example, a certain opera*ion can be performed
by either one of two systems, A and B. Assume that the systems A and
B operate completely independently and that the probability of A function-
ing properly is 0.8 and that the probability of B functioning properly is
U.7. Compute the probabilizy that the operation is perforined success-
fully by at least one of the two systerms, A, B, Then P(A} = 0.8 and
P(B) = 0.7.
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i
3
3
A
=
3
3
E
3
=

{(b) The event that the system will work properly is 11

‘ the union of A and B and q

» P(AUB) = P(A) = P(B) - P(AB) = 0.8 + 0,7 - (0.8)(0.7) = 0.94.

(2) If A and B are mutually exclusive, i.e., P(AB) = 0,

the above relationship becomes ]

b ‘ -4

P(al B) = P(A) + P(B)

3 (3} To illustrate, consider drawing one card irom ;

; a well-shuffled deck. Find the probability of that card being either a 3

; club or a diamond., Let A = the event of a club and B = the event of a 3

3 “‘diamond.

RUE _13 Ca. g

(b) Then P(A) = T P(B) = -—2-and P(AB)=0; 34

i.e., A and B are mutually exclusive. i

? | 13 .13 _ 26 A

; P(A UB)= P(A) + P(B) =22 + 0= = =2 ,:‘

( ) (A) (B) 55 V53 55 %

3

c. Complementation., (1) The last of the probability relation- H

ships to be discussed at thi- time is that of complementation. I P(A) i

is the probability that the event A will occur, then P{&) is the probabil- }1

i ity that the event A will not occur, and : ii

; P(a) + P(A) = 1 ;
}

P (2) To illustrate, consider the toss of a single die. Let '

E A be the event of a six appearing and A the event of a six not appearing 31

: Then 1 - 5 _ ) 5

P{A) =~ and P(A) = Zand P(A) + P(A)= ~ + ==1. i

: b 6 ) 6 %

d. Summary of probability rules. j

) i

: (1} Multiplication of probabilities when events are not 1

independent; conditional probabilities. If E and F are not independent, 1

K

{

E

i

|

A-12 i

|

= - S jj
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{i.e., occurrence of event E affects the probability of the occurrence
of event F), then the probability of the joint occurrence of E and F is

given by
P(E NF) = P(EVP(F/E) = P(F)P(E/F)

(2) Multiplication of probabilities for independent events,
If E and F are independent, (i.e., the occurrence of E does not affect

the occurrence of F), then : . o _ e

P(E N F) = P(E)P(F)

(3) Addition of probabilities wher events are not mutually
exclusive. If E and F are events which are not mutually exclusive,
{i.e., events E and F can happen together), then the probability of
the occurrence of E or F is given by

P(EV F)=PE) + P(F) - P(EI"? F)

(4) Additicn of probabilities for mutually exclusive events. ¥
If two events E and F are mutually exclusive, (i.e., they cannot happen !

together); then

pe Y F) = P(E) + P(F) p

{8} Complementation. Suppose E is an event, then

P(E) =1 - P(E).
Section III. STATISTICS AND PROBABILITY DISTRIBUTIONS
- A-7. General. Statistics has sometimes been defined as the collection, .

analysis and p: esentation of numerical data, Numerical expression of
reliability requires a basic understanding of certain statistical methods,

[

A-8. Basic descriptive statistics. a. There exist certain character-
" tics which may be used to describe a group or population of numerical
data. Basic descriptive characteristics to be considered herein are

central tendency, variability and shape of the data distribution. Central

s it
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tendency has to do with location of the data on the measurement scale.
Variability pertains to the dispersion of the data values. Shape has to
do with the pattern of data variability. Each of these characteristics
has its own effect on reliability measurement,

b. To illustrate the meaning of these descriptive characteristics,
consider the following failure times which resulted from a hypothetical
life tegt of '00 items (figure A-3),

24 41 30 37 25 32 28 35 28 51
36 26 43 25 27 39 21 45 39 25
29 43 66 25 24 56 29 31 41 41
36 57 36 48 25 36 48 24 48 22

40 7 31 24 32 53 33 46 22 33

19 37 20 21 48 14 35 19 44 34
29 48 38 43 48 35 42 37 35 36

58 45 34 40 a7 21 41 11 41 27

50 24 7 39 33 45 39 43 21 34

Figure A-b6
Failrre Times

¢. These data have beer grouped to form a frequency table
{figure A-7).




R

B T R g

ol o LT ST —

gl o
.

AMCP 702-3
Relative C}‘;’“l:":“"
Interval Frequency F requency F reeque:ecy
4.5 - 9.5 1 .01 .01
9.5 -14,5 1 »01 .02
14,5 -19.5 4 .04 .06
19.5 - 24.5 12 12 .18
24.5-29.5 15 .15 .33 :
29.5 - 34,5 14 . 14 . 47
34,5 - 39.5 21 .21 . 68
39.5 - 44,5 15 .15 .83
44.5 - 49.5 10 .10 .93
49.5 - 54,5 3 .03 .96
54.5 - 59.5 3 .03 .99
59.5 - 64.5 o 0 .99 ’
64.5 - 69.5 1 .01 1.00
Figure A-7 l
Frequency Table
d. The relative frequency histogram (figure A-8) provides a /

pictorial approach to describing the population of failure times and the
way they are distributed along the measurement (time) scale. With
reference to central tendency, the data appears to be clustered about
the interval 34,5-39.5 hours. Inspection of the kistcgram provides

a pictorial indication of the amount of variability in the data as well
as the shzpe or pattern of variability.

e. For purposes of making probability statements about failure .
time, the vertical scale of the relative frequency histogram may be
modified in such a marner that the total area of the histogram is unity,
In this case, the vertical scale must be divided by 5. We shall refer to
the resulting diagram as a relative frequency density histogram (figure
A-~9). Then the portion of the failure times falling in a particular interval

is merely the area ot that interval.
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Relative Frequency Histogram
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Figure A-9
Relative Frequency Density Histogram
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1. Three quantitative measures of central tendency (mean,
median and mode) are defined here.

(1) The mode is that value which occurs most frequently.

(2) The median is defined as the middlemcst value, i,e..
that value above which (and below which) 50% of the observations fall.
Finding the median of a group of data involves ordering the observations
from smallest to largest and counting to the middle value,

(3) The mean or arithwmetic average is the measure of cen-
tral tendency with which we shall be concerned herein. The mean (.) is

where n is the nurmnber of observations; T x is the sum of the n observa-
tions. For the data given in figure A-1, the sum of the 100 observations
is T x = 3475. Then the mean of this data is

: =..AL=_3_4.?_51=34,75
* T 7n 100

g- The measure of variability which will be rnost useful in
reliability analysis is the standard deviation ().

o = l n% x4 -i!:x)z
\ ne
where
n i5 tte mumber of obee~--2tions
.
”

Tx i: the sum of the observation values
Tx% is the sum of squared observation values 7

for the data in figure A-1, T©x2 = 131801 and the standard deviation
becomes

P
s = | 100(131801) - (3475)2 _ | s,
\ 100(100)

|
|
:
(
|
@
!
5
b
(I
'(
|
8
(i
[
i
i
i
f\
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h. The shape characterist! is not easily quantified. The
density histogram (figure A-9) provided a visual description of the
shape of data. Scmetimes a mathematical equation can be identified
to serve as a model for the shape or pattern of variability for & pav-
ticular group of data. For example, the normal density function '

f(x) =——1——exr\ -

N 2.'-‘.

\ T y

7 X -t \27

to)r—

is often useful as a model. Figure A-10 shows this function (so0lid
line) plotted along with the density histogram for the data in iigure
A-l. pand o values were 34.75 and 10.51 hours, respectively, as
found in prc--ious calculations. It seems that the normal probability
density tunction prevides a good model describing the distribution of
data values along the itime scale for this particular group of Jata.

DENSITY

3 0.6 5.5 05 NI 858 HE 305 44.8 4.5 605 803 M5 ORS
HOURS (x) -
Figure A-10

Normal Density Function vs.
Relative Frequency Density Histogram
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i.  In genecral, a probability deusity function, denctes as f(x),
serves as a model relating ithe outconies of a random variable (X) to
probability statements. At this time, for bpurposes oi illusiration, con-
sider the random variable X to be the failure time for an itemn. For
example, P(A =~ X ~ B)is mcrely the area under the density 'unction
between the points A and B as illustrated by the shaded area in figure
A-11,

HOURS (x)

Figure A-11
Probability of & Failure Time Between A and B

j+  Another function of irnterest in reliability arnalysis is the
distribution function F(x) where

F(x) = P(X «x)

Tn ather words, F(x) is the probability that a fail" ~e timm= will be less
“Lan a specified time x and is represented as thie area under the density
function for values less than x on the horizontal scale (figure A-12).
When evaluated for aill x, F(x) for the norn al model fitting the data in
figure A-1 becomes as shown in figure A-13 (solid line),
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HOURS (a)

Figure A-12
Probability of a Failure Time Less Than or Equal to X

Rix) Flx)
l.Oﬁ ™~ ""'-a-..'
.,
=+ .'0.
N
801 %

K Jo o ol
T
40—
+
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e 3

} 2
), 0 20 S 40 80 60 ro
HOURS (x)

Figure A-13
Reliability and Distribution Functions

A-20
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k. The reliability function is defined as the probability that
an itern will survive beyond x hours mission time,

Rix) = P(X »x}) =1 - F(x)

The reliability for x hours mission time may be represented as the
unshaded arca in figure A-12. Using the normal probabulity density
function to describe the data in figire A-1, the reliability function is
drawn as a broken linc in figure A-13. To illustrate, R(30) = 0.68.

1. The other function te be defined at this tume 1s the hazard
function, h(x), sometimes referred to as instantaneous tailure rate.

It can be shown that the hazard function, designzted as hi(x), is

h(x) =

failures per unit time.

A-9. Probability distributions. a. Knowledge cf the distribution of
failure times for a population of items provides a basis for reliability
analysis. The preceding graphical illustrations pertained primarily

to a particular group of failure time data. At this time, certain typical
probability density functions and the reli ted reliability functions will
be summarized with appropriate mathematical notation.

b. Probability density functions describe the variability and
behavior of randem variables. Each random variable has its own
probability distribution. A random variable may be defined as a rule
for assigning a numerical value to the outcome of a random experiment,
Some examples of random variables are height of an individual, sum of
the upiurned faces resuliing irom the toss of two dice, the number
of aces in a poker hand, the time to failure of a piece of equipment, etc.
The data in figure A-1 represents 100 observations of {ailure time, a
continuous random variable,

(1) Consider the continuous random variable X which has
a probability density function {(x). The density function has the properties

A-21
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(lm f(x)dx =1

(2) The density function serves as a model for probah.lity
statements about the random variable; e. g.,

Pac x- B) =' B fx)dx
A
and
P(x <« X < x 4+ dx) = f(x)dx
where
dx —— 0

(3) The central tendency of X may be measured by the
mean or expected value, E(X), of the random variable.

o0
xfix)dx
w

Ex) = (

(4) The variance, V(X), of the random variable measures
its variability and is defined as

V(X) = E(X¢) - | E(X) ]2

- W

¢. The distribution function, F(x), which in reliability analysis
is often referred to as unreliability for x hours mission time is

(x

Fix)= P(X < x)= ' __ f(t)dt

A-22
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and has these properties:
(1v F(x) >0

(2) F(x) is a non-decreasing function

i (3) F(-~)=0
(4) F(=)=1
d. For a random variable, X, which represents failure times,

the reliability function becomes

R(x) = 1 - F(x) = " f(t)dt.
. X

e. The hazard function, h(x), sometimes referred to as in-
stantaneous failure rate, of a probability distribution of times to failure
is often used in reliability considerations. It is defined as the conditional
probability density function of time to failure, given the item has not
failed prior to time x. In other words,

hix)dx =P [ (x <« X~ x+dx) | (X> x)] p
which reduces to

hix) =gk

f. Figure A-l! provides a summ.ary of the above relationships
¢ : 1or continuous random variables.

TR PR
’
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Density Function: f(x)
. X
Distribution Function: F(x) = g f(t)dt
a0
[+~
Reliability Function: Ri{x)= 1 - F(x) = ( f(t)dt
v X
Hazard Function; hix) = f(x)
R(x)
o
Expected Value: EX)= ( xf(x)dx
Vv e
Variance: V(X)s Ex%) - [ E(x) )
Figure A-14

Summary of Reliability Related Functions

A-10. Binomial distribution. a. The binomial distri! ution provides
a model often useful in probability computations. It differs from the
previously discussed distributicns in that it operates on a discrete
scale.

b. In reliability analysis, we are frequently interested in
the total number of failures in a sequence of n Bernoulli trials. Ber-
noulli trials are defined as repeated independent trials of an experiment
if there are only two possible outcomes of each trial, classified as
success or failure, and the probability of failure remains constant
for each and every trial. For purposes of reliability analysis, subjection
of n identical items to identical use conditions may be identifi.-d as n
Bernoulli trials.

¢. Let the random variable, K, be the number of failures in
n trials. Then the probability density function, or P(K=k), is

A-24
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n
f(k) = /k N pkgnk, ks g 1,

f(k) = 0, otherwisc

whete
/n \I__. n!

k7 KI(n-x)!

p = probability of failure on a single trial
q = probability of success on a single {rial
ptg=1l

Figure A-15 shows graphically a binomial probability density function
for the parameters n =8, p=0.7, and q = 0. 3,

f(k)

2 J { J )
¢ k
Figure A-15
Rinomial Probability Density Function, f(k)
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d. For the binomial distribution, the probability distribution
function is defined as the probability of k or fewer failures in n identical
{Bernoulli) trials, i.e.,

/ n . .
Fk)=PK k) =57 | ) pigne

i=0\ 1 J

A typical binomial distribution model is shown in figure A-16 for param-
etersn=8, p=19.7, and q = 0.3,

Figure A-16
Binomial Probability Distribution F'unction, F

e. To exemplify the use of the binomial distribution, consider
a particular type of electrical fuse which has a probability of 0.1 of
failing to perinrm properly in a circuit. If five such fuses are subjected
to the circuit, what is the probability of 0 failures, 1 failure, and more
than 1 failure?

A-26 -
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j, n=5 p=061, q=0.9
/
PE) = 1 Vpkeuk
‘ \ /
/5
PE) =7 7 ) (0.1)° (0.9)5 = 0.59049
N o
p1)= " ? N (0.1)! (0.9)% = 5(0.1){0. 6561) = 0. 32805
N !
P(K > 1) = 1-0.59049-0. 32805 = 0.08146

f. To illustrate a typical reliability model based on the bi- :
nomial distribution, consider a regulator on an oxygen system for high :
altitude flying equipment which has a probability of 0. 025 of failing to
provide the required oxygen flow. If four such oxygen systems are used
on a mission which requires that at least three must function properly,
what is the reliability of the four oxygen systems?

n=4 ‘
p = 0.025 = probability of failure by an oxygen system /
}
; q = 0.975 = probability of zuccess by an oxygen system
[ k =1 = allowable number of failures
i
| / . .
| : Flk=l) = P(K 7 1) = £ 74N (0, 0250t (0.975)%"1 = 0.997
=77 is0 N1
e ’
' g- The binomial distribution also is applicable to computations
of reliability relative to one shot items. For example, it has been ob- -
;

HR served that a bomb fuze has a probability of 0.2 of failing to perform
properly. Consider a mission involving the use o1 seven bombs where
the mission is considered successful if at least five bombs perform
properly. What is the relizbility of such a mission?

"
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n=7
p = 0.2 = probability of failure by any one bomb
q = 0.8 = probability of success by any one bomb

k = 2 = number of allowable failures

2 . .
F(k=2)= P(K 2)= = /Z \) ¢.2%0.8)"1 = 0.852
- 1=0 N /

A-11. Normal distribution. a.

1he normal distribution is sometimes
useful as a model for failure times, particularly when failures are

occurring because of wearout., A normal distribution of failure times
is continuous and has an increasing failure rate. This model is often
useful when mission times are such that failures are due to wearout.

Defined below are the normal probability density function and related
reliability functions.

b. The probability density function for the normally distributed
random variable X is

i / . 2
fx) = —L expl.l [ _ger 1
T '\/ 2 2 \ T i J
where -=» < x < o, and the parare--rs » and r are the mean and

standard deviation, respectively., /e * is referred to as the variance.)

Figure A-17 showo graphically the normal probability density function
with parameters « = 1 and =¢ = 0. 25,

c. Probability tables (table H-2, appendix H) are available
for the standard norrnal distribution. Since any normal random variable
X can be transformed to the standard normal random variabie Z, the
tabies may be applied to any normal distribution,

A-28
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g A0 4]

Time (x)
Figure A-17
Normal Probability Density Function, f(x)

(1} The transformation is

X -r

2 = ———
T
(2) The expected value and variance of the normal
random variable X is;
E(X)=n
V{X) =2

(3) The expected value and variance of the standard

normal variable Z is:
E(Z)=0

v(zZ) =1
The density fuaction for the standard normal variable is
/_z2
f{(2) = o exp —2Z \

N7 \z /

d.

A-29
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where ~wo < z < o,

e. The distribution function of X may be expressed ac a
function of Z.

x r 7 e - \2 ]
F(x)=P(X<x)=(_ 1 exp -l't_'.‘ T dt
- S - T»Jz,’; . 2 N ;
=P[.Z< /zz’_‘__'.i‘_ p.'

. RN ’ s
. (2 72

\ ex v dt
Jew A 27 P NI

where

X -

F(z) values can be obtained from table H-2, appendix H.

f. The reliability function of the normal random variable X is

R(x)

: / 1
1-F(x)=P(x>x)=P?z> \""" =>,,‘

h

1-F(z)

The normal reliability function is illustratad in figure A-18 for parani-
eters ; =1and -2 = 0.25

g. The hazard function for the normal distribution of failure
times may be found by

_ f{x)
B = R

A-30
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J 10 2 20

0 Time (x)

Figure A-18
Normal Distribution Reliability Function, R(x)

: where
fix) = Hz)
: aT
; and f(z) may be found from table H-9, appendix H. Figure A-19 con-
: tains a plot of the normal hazard function for parameters . =1,
7 =0.25, :
. h. To illustrate the use of the normal probability density
5 , function as a reliability model, consider a model 555 rifle which has
= 100 hours

demonstrated a normal distribution of failure timmes with
Find the reliabality of such a rifle for a mission

¢ and = 10 hours.
E time of 104 hours and the hazard rate of one of these rifles at age 105
i hours.
i Rix)=P Z > 2= '
{ \ '

4 \ o .
f R(104) =P 2 > L‘;‘i}:ﬁ.‘i \ = P(Z - 0.40) = 0.34 as found in table H-2.
: N
]
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2 o’ 025

J 10
Time (x)
Figure A-19
Normal Distribution Hazard Function, h(x}

LS 20

= fix)

h

(x) RO
- 1

fix) = :)

/ . .
f(x=105)=0.10f\z=l."_j_5.1_(1}_("9\ = .16 f(z = 0,5) =

0.10(0.35) = 0,035

where f(z = 0.5) was found from table H-9.

’
R(105) =P 2> H'ST;)_IEP'\/: P(Z > 0.50) = 0.31
N

_ £(105) _ 0.035
105) = =
h{105) R{105) 0.31

= 0,11} failures per hour
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i. The example which follows pertains to an electronic item.
Failure times of a Type GLN microwave tube have been observed to
follow a normal distribution with .. = 5000 hours and = 1500 hours.
Find the reliability of such a tube for a mission time of 4100 hours
and the hazard rate of one of these tubes at age 4400 hours.

/
Rix)=P Z>
\

x -\

/
R(4100) =P Z > 3}.‘%3800\= P(Z> -0.6)=1-P(Z >0.6)

=0.73

as found from table H-2.

hix) = Hx)
R(x)
’ / 7 N\
f(x = 4400) =~ _L V¢ 7, 244005000 N .7 1 N g(z=0.4)
L1500 W 1500 _ \15G¢ -

0.00067)(0.37) = 0,00025

where f(z = 0.4) was found from tabie H-9,

7
R(4400) =P Z> 4400-5000 ) _ P(Z > 0.4) = 0.66
X 1500
h4400) = £(4400) - 0.00025 - o, 00038 failures per hour.
p
R (4400) 0. 66

A-12. Lognormal Distribution. a. Another model which is sometimes
useful as a failure model is the lognormal distribution. It is summarized
at this time because of its relationship to the normal distribution. Consider
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the random variable X as failure time. If In X is a normally distributed
random variable, X is said to be distributed in accordance with a log-
normal distribution. A summary of this distribution follows.

b. The density function is

1 r 1 lnx - \2
f = - = =X L. ) >0
WergrFm— o g, ¥
f(x) =0, x - 0.
Figure A-20 shows this density functioa for ++ =2 and v = 0.5. The

expectations are

E(X) = exp /

"
AN
\

+ 1
2

V(X) = r exp 4 2. + -rz\
. \ /

where

E(ln X)

-
Il

V(ln X)

c. The distribution function is

/ -
Fix)=PX<x)=P- 2~ lnxr ! \.
- oL _— (‘

d. The reliability function is

Rix) = P(X> x) = P/ 2> lox - )
\

as shown in figure A-21 for y =2 and v = 0.5,
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! 4 n 2 H I /8
Time(x)

Figure A-20
Lognormal Probability Density Function, f(x)

&

Rix).

2 é d 0 /2
0 Time (x)

Figure A-21
Lognormal Distribution Reliability Function, R(x)

" K K8 2
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e. The hazard function is

h{x) = g o __fz) wherez:.l.n_}f:_;.

r

R(x) + xR (x)

as shown by figure A-22 for » =2 and - = 0.5,

H 0 20 Jo 49
Time (x)
Figure A-22
Lognormal Hazard Function, h(x)
f. To exemplify the lognormal distribution as a reliability
model, consider a voltage regulator which has a lognormal distribution
with v = 6.8 and ¢ = 1, Find the reliability for a 200-hour mission

and the hazard rate at 200 hours,

% _
Rix)=P  z>nx-
\ T

s
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p’ 7> In200-6.8
\ 1

R(200)

P(z > -1.50)=0.93

h(x) = f(x) - I‘Z)

R{x) * xR ({x)

h(200) = 1(200) - 0.0006475 - ¢ 00070 failures per hour,
R{200) 0.93

g. The following example relates the lognormal reliability
model to a mission length expressed in units other than time. Supposc
it has been observed that gun tubie tailures occur according to lognormal
distribution due to metal fatigue with parameters « = 7.0 and ¢ = 2,0,
Find the reliability for a 1000-round mission and the hazard rate at
800 rounds.

4 2\
R (x) =p’ z> ln)f - :
\ )
R(1000) = P’ 7 » 1n1000-7.0 )
N 2.0
= P(Z > -0.015)= 0.52
h(x) = £
R{x) f(; z=§_.ﬁ-_7_>
3 2
h(800) = I{800) ,

~ R(800) 6.68-7
2(800) P{ 2> ——2——>

= 0.3939 = 0.0004 failures per round.
2(800)(0.5636)
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A-13. Poisson distribution., a. A brief investigation of the Poisson
process will provide an intuitive basis for evaluating the usefulness of
tne Poisson distribution as a reliability model.

b. Consider a probabilistic (stochastic) process which is subject
to the cccurrence of events, all of which are of the same kind, and we
are interested in the number of events that occur. Each event occurrence
mauy be represented as a point on a time scale. For purposes of reli-
ability analysis, an even* will be defined as a failure. Such a process
having the following characteristics is called a Poisson process.

(1) The probability that a given number of failurvs is con-
tained in a time interval depende only on the length ot the interval,
{and not on where the interval is located or on the past history oif the sys-
tem).

(2) I P(h) is the probability of 2 or more failures in an
interval of length h, then

lim P(h)
h-~>0 h

Essentially, thie imolies that failures do not occur simultaneously.

(3) L P, (k) is the probability of 1 failure in an interval
of length h, then

lim  Pj(k)

h=— 0 h = A

Essentially, this implies that failure rate does not depend on item age;
i.e. failure rate is constant.

c. If these properties are satisfied, the Poisson probability
density function may be used as a model for the number of failures in
a time interval of length, x. I the random variable K is the number
of failures in a time interval of length x, the Poisson density function

o R AR E T e Rt SEELEEIT S vy EFmdris ¢ e P R T E prrm o o T e e eve TR SEA
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is
fk) = P(K = k) = (AxK ;"P (-2 %) k=0,1,2, ",
!
= 0, otherwise ‘
i
where \

A = constant failure rate

X = time interval considered,
Figure A-23 portrays graphically the Poisson density function for parameter,
A x =4,

(1) The expecied value of K is E{K) = > x

(2) The variance of Kis V(K) = 1 x.

i
| |
; Y
i
B
; ?

0 2 4 €& & 0 2 /M
k

Figure A-23
; Poisson Density Function, f(k)
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d. The probability distribution function is defined herein as

i Y
F(k) = P(K - k) = k (> x)l exp x

P =
i= i!

which is graphed in figure A-24 for parameter » x = 4. This function
may be graphically evaluated using figure H-12, appendix H.

0/ 2 3 ¢4 5 &7 8 9 0 NP
3

Figure A-24
Poisson Probability Distribution Function, F

e, To exernplify use of the Poisson distribution, consider the
following example. A Minuteman launch console averages 0,001 lamp
failurec per hour. What is the reliability for a 500-hour mission if no
more than 2 failures can be tolerated?

A-40
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k = 2 failures
x = 500 hours
= 0,001 failures per hour %

A X = 0.50 ‘;

2 i - 0.
F(k = 2) = P(K - 2) =,EO!&5°)1 exp = 950 -5 986

i= 1!

o N -

f. A second Poisson example considers failure of a mechanical
itern. During the first year of operation, a 1/4-ton truck experiences
failures in the drive train due to defects and workmanship. Failures
occur in accordance with a Poisson process with a mean time between
failures of 400 hours. What is the reliability of such a truck if no failures
are allowed for a mission of 40 hours ?

x = 40
k=0 3
A =1/400 = 0,0025 failures per hour
P(K=k) = {1 x)k i’!‘P(" A X)
Flk=0) = P(K=0) = [ (o. 0025)(40)](' ;;{p [ (-0.0025){40)] ;
= exp (-0.10) = 0,90 -
g. The following example illustrates a use for the Poisson -

distribution when x is not a time interval. The number of rocket-bomb
hits within a specified small portion of a comparatively large area
under prolonged bombardment has been observed to follow a Poisson
distribution. The rocket-bombs average 0.02 target misses per bomb.
What is the reliability of a 50-shot bombardment if no more than 2
misses are allowed?

A-41
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=
il

2 failures

50 rounds

»
1}

b
!

= 0,02 failures per round

»x =1,00

—

=0 i!
A-14. Exponential distribution, a. The exponential distribution is a

popular model for failure times. Some particular applications of this
model include:

i exp ~1.00
F(ke2) = P(K < 2) = & 1000 exp 7070 - g, 920
1

(1) Items whose failure rate does not change with age.

(2) Complex items which do not include excessive redundancy
of components and/or subsystems,

{3) Items for which early failures have been eliminated,
€. 8., vacuum tubes which have survived a burn-in period.

b. The exponential density function may be obtained directly
from the Poisson density function. Consider the continuous random
variable X as the time to failure (or time between failures). Then

f{x) =2 exp (- ~x), x> 0

f(x) =0, x< O

c. The resulting distribution is called an exponential distribution,

It describes the random variable denoting the time to first occurrence
in a Poisson process. Since the Poisson process is temporally homo-
geneous, the time between successive occurrences (failures) has the
same distribution. Figure A-25 portrays graphically the exponential
distribution where the x ~cale is expressed in multiples of the mean time
to failure (8). The expected value and variance of X are:

0
E(X)=(r x) exp (-rxndx=L1=¢
e ?

A-42
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where 6 is mean time to failure and may be used in lieu of ;’. in these
expressions. ;

- /7
vix) = Bx2) - [E®)? = LYoo

¢lo

¢ls

¢l

fix)

o o>

/¢ a4

Time {x)

Figure A-25
Exponential Probability Density Function, f(x)

Jé 16

d. The reliability function for exponential failure times becomes:

R(x) = exp (- » x)
and is expressed graphically in figure A-26.
e, The distribution function is

F(x)=1 - exp (- x)
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R(x)

1% 28 J¢
2 Time (x)

Figure A-26
Exponential Reliability Function, R(x)

{. The hazard rate of the exponential is

hix) = £8)_ = Aexp (-2 x) 2
R{x) exp (-A x)

A which indicates the distribution applies only when the failure rate re-
% mains constant with age. This is expressed graphically by figure A-27,

g. Toillustrate the use of the exponential distribution, consider
a computer which has a constant error rate of 1 error every 17 days of
continuous cperation. What is the reliability associated with the com-
puter to correctly solve a problem that requires 5 hours time; 25 hours
time ? In addition, find the hazard rate after 5 hours of use,
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'
B
' N
h(X/ r
| : 16 » ¢ 2 ;
| Time (x) |
; Figure A-27
Exponentia! Hazard Function, h{x)
!
(2] = 408 hours ‘
. : 3
" » , - _1_. = 0'0024 .
| 1 A 708 failures per hour ‘;
’ :
. R(x)= exp (- x) = exp -%\ ;
R(5) = exp[ (-0.0024)(5)1 = exp (-0.012) = 0.99 i
. R(25) = exp; (-0.0024)(25) } = exp (-0.06) = 0.94 -
| h(x) = f(x) »exp (- x) = N
R(x) exp (- ) x)
| . A-45 :
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!
!
1' .
]




AMCP 702-3

h(5) = 0.0024 failures per hour

h, A secona example of the exponential distribution as a re-
liability model considers a hydraulic assembly on a LAU-1967 aircraft
which has exhibited an exponential distribution of failure tiitnes with a
mean time to failure of 800 hours. Find the reliability of this assembly
for a mission time of 50 hours and the hazard rate at an age of 100 hours.

6 =800 hours

A= 1 - 0.00125 failures per hour

800
\

1
:
/

/
R(x) = exp (- A x) = exp'\-

o
-
o
)
n
ol*

exp{ (-0.00125)(50) ] = exp (-0.0625) = 0.94

= fx) _ rexp (-Ax) _
hix) R(x) =~ exp (- x) A

= 0,00125 failures per hour
for all x.

A-15. Weibull distribution. a. The exponential distribution is applicable
as a model for failure times only if the failure rate is constant over time.
In reality, failure rates which change with time are sometimes encountered.
The normal distribution is a realistic model only if an increasing failure
rate is encountered. The Weibull distribution is continuous and can
account for a decreasing failure rate, an increasing failure rate, or a
constant failure rate; but the failure rate must be monotone.

b, The Weibull density function for the random variable X is:

f(x)=ﬁ,_/’_‘ ,‘ Lerp'-( >-l
n\n /

f(x) =0, x<0




where
1: r > U

A

shape parameter

3
"

scale parameter

Figure A-28 shows Weibull density functions for various values of
T“and - =1,

)

£ /0
Time (x)

. Figure A-28
Weibull Density Function, f(x)

7
{ E(X)=*T
; \

o)

D )
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c. The expected value and variance of the Weibull distribution is:

A~-47
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{
; ’ / 2
V(}n{):,«2 | f-,‘/ﬁ + l\; l-' wr o1 +1\_!
: oA o \ R it
; d. The distribution function is
i x A-1 RN /o \n
i F(x)=( E/L\ exp!- L\\E‘]dt=l-exp!-,’£\l
i Lo vr 7 \NT / ) N
!
e. The reliability function is
x|
; R{x)=1 ~F(x)=exp ! - X . L
i N !
i

Figure A-29 contains graphs of reliability functions for various values
of 3 and r =1,

. ‘ -'., .
1.0 fee

e enam: camed i o

;_ R(x) 5
px
i
' =
; 0 _ 2
. 10 15
0 Time {x)
: Figure A-29
Weibull Reliability Function, R(x)
A-48
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{. The hazard function is
f{x 6 /x N\
h(x) = —-—?— = ;; .7 \

Weibull hazard functions are portrayed by figure A-30 for various
A values and for » =1,

2
Time (x)

Figure A-30
Weibull Hazard Function

g To illustrate, consider the failure times of JP29M trans-
mitting tubes which are Weibull distributed with 3 = 2 and » = 100C
hours. Find the reliability of one of these tubes for a mission time of
100 hours and the hazard rate associated with one that has operated
successfully for 100 hours,
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R{x) =exp - =~

T 7 100\ r 1
R(100) = exp | - O 1. pn L 2
, ! _

’ 3-1
hx) = 2 X \n
RN
/13 \2'1
h(100) = 2/1000 \m ! = 0. 0002 failures per hour,
h. The following example further exemplifies the use of the

Weibull distribution as a reliability model. An aircraft fuel systern
has failure times which follow a Weibull distribution with # = 3 and

r = 40 hours. Find the reliability of this fuel system for a mission of
10 hours and a hazard rate after 10 hours of usage.

\.“']
//' -

R(x) = exp.r - /§

716 V1 r |
R(10) = exp | 712 \ J: exp - L.25° | = u.SES
\AY ) -
A3l
= 27 %)
TN/
7 10 \3-!
h(10) = 3/40 N %\/ = 0,005 failures per hour.

A-50
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A-16. Gamma distribution. a. Another continuous distribution which
is sometimes useful as a failure model is the Gamma distribution.
This distribution is a two-parameter distribution. Consider the ran-
doin variable X which is distributed in accordance with a Gamma dis-

tribution. A summary of this distribution follows.
b. The density function is
.a a-l .
f(x) = —=% exp - ’Q, x>0
.

f(x)=0, x O
where

o > U

A

a is a2 shape parameter

A is a scale parameter

i {a) = gmx a-l exp (-x}) dx and can be evaluated from table

H-10, appendix H. The Gamma density function 1s displayed for various
o values and » =1 in figure A-31.
c. The expected value is
E(X) = ;’—
and the variance is
viXy= 3.

A-51
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1.0

Time (x)

Figure A-31
The Gamma Density Function, f(x)

d. The distribution function is

e e R B e = e -

X \Tg @
0

1exp (- At) dt

™ a

Flx) = P(X< x) =

Special tables, Table of Incomplete Gamma Function,
. . . 1
are required to evaluate F(x). However, if a is an integer,

Py - B BAxRexs (ax)
k=a k! . _

which may be evaluated from a Poisson table.

e. The reliability function is

Rix) = 1 - F(x).
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If o is an integer

a~1
R(.\\'.) = o (\ x)k eXI() (- A X)
k=0 k!

The Gamma reliability function is displayed for various valu=s of «

and » =1 infigure A-32.

R(x)

{ g & 7
o Time (x)
Figure A-32
The Gamma Reliability Function

f. The hazard function is

hix) = ———g’(‘:)

is displayed for various « values and A =1 in figure A-33.

g. In addition to its potential use as a failure distribution, the

Gamma distribution serves as a model for the time to the o

th fajlure

if the underlying failure distribution is exponential. For this purpose,

the random variable X is the time to the ot failure and «
only positive integer values.

can assume

A-53
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' J 6 7 4
Time (x)
Figure A-33
The Gamma Hazard Function

h. The following example illustrates the use of the Gamma
distribution as a reliability model. A Nark migsile sygtem has demcn-
strated a failure distribution which fits a gamma distribution with o =

and A = 0,05, Determine the reliability for a 24 hour mission time
and the hazard rate at time 24 hours.

R(x)=1-F(x)=1 - ; (A x)X exp (- x)

k=a k!
(-~ k _
R(24) =1 - = (1. 2)¥ exp (-1.2)
k=3 k!

n

1- % (.301) (l.Z)k = 0. 88

from Poisson curves, figure H-12, appendix H.
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- Ix)
h(x) R (x)
-1
(o) = 20x 7 exp (=2x)
rla}
. T2 ANE PIX:
£(24) = 0.08)° 724'" exp (~1.20) _ (0.000125) (576) (0.301) =0.011
™ (3) 2
h(24) = Hz4) . 0.011 | 0.012 failures per hour.

R(24) 0.88

Section IV, STRESS-STRENGTH ANALYSIS

A-17, Introduction., a. In previous reliability discussions, reli-
ability has been defined as a function of mission length, Failure

of certain materiel items such as one-shot items, mechanical items,
etc, i8 not necessarily dependent upon time of usage, In some cases,
failures may be more directly traceable to some other stress variable.
Then reliability of an item may be determined by comparing its strength
to the stress to which it will be subjected. Reliability may be defined
as the probability that strength exceeds stress,

b, Neither item strength nor the stress to which it is sub-
jected are constant values, but both are random variables each with
its own probability density function., If these distributions are known,
reliability may be determined analytically. Since data is generally
limited to sample information, the goodness-of fit methods of appendix
F may be used in an attempt to identify the appropriate underlying
distributions.

A-18. Normal stress and strength distributions, a. Assuming both
the stress and strength distributions to be normal, reliability can be
determined as follows:
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(1) Item strength (S) is a random variable with normal
probability density function

/S epg O |
f(s):+expf- l .i—'".ﬂ_. \ -' |
g 2 N A

where

~
[}

g - mean strength

s strength standard deviation |

(2) Stress (8) is a random variable with normal probability
: density function

i(s) = -——-—,:——expl -

| where

mean stress level i

stress standard deviation

~
1]

(3) Then the difference D = 8-8 is a random variable
with normal probability density function

: 2

i . i | 1/D -y

! (D) = ————— 2 "D
s A A\ ~DH

A-56
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where

p =g =~ ig = mean difference

- = i

D < g + .1—28 = standard deviation of difference

{(4) Then reliability may be defined as

7 0-u / -
R=P(D >0 =P Z >—-—-—'L\=sz> 'D\f
\ D V4 \ . D"“ ~

which may be determined from table H-2, appendix H.

b. To exemplify, the material strength (ultimate shear stress)
of a lug shear is a normally distributed random variable with a mean
of 104, 300 psi and a standard deviation of 3,600 psi. The stress to
which the lug is subjected is a norrnally distributed random variable
with a mean of 95, 160 psi and a standard deviation of 2,070 psi. What
is the reliability of the lug in such an environment?

104, 300 psi

"
1)

95, 160 psi vg

r. =2,070 psi " g = 3,600 psi

e

D Mg - Vg = 9,140 psi

e
"D E A8 + s =4,153 psi
LI

D _ 9140 _, 59

D 4153

R=P(Z >-2.200=1-P(Z > 2.20) = 0.986 as found
in table H.2.
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A-19. General stress-strength distributions, a. Determination
of reliability based on stress-stre:i sth analysis requires that both
the stress and strength probability density functions [f(s) and {(8)
respectively] be known. As shown above, analytic determination is
quite straightforward if both distributions are normal, Although
analytic determination is difficult for other distributions, reliability
can be determined from

R={"gs! (: £5)aS | ds
0 0

which lends itself to numerical methods easily adapted for use by
digital computers.

h. Graphical determination. The fellowing technique, using
transformations, provides a graphical reliability determination which
may be applied to any distribution. It may also be applied to sample
data when the underlying distribution cannot be identified, The follow.
ing elements are involved.

(1) LetG ‘s £(S)ds

(;.S

(2) LetH = f(s)ds which implies
0
dH = {(s)ds
(1
(3) Then R =' G dH which may be evaluated by plotting
G

G as a function of H and finding the area between the function and G = 0
and between H = 0 and H = 1. Figure A-34 indicates this graphically
for a hypothetical function,

c. Example - Known mathematical distritution. (1) The

above procedure may be applied to density functions either in mathe-
matical or empirical form. The example which immediately follows

A-58
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Figure A-34
Hypothetical Plot of G as a Function of H

applies the technique to the situation where both distributions are
known in mathematical form. The bursting strength of a given class
of rocket motors is known to be exponentially distributed with mean
strength of 20, 000 psi, i.e., the strength density function is

1 f <8
£(S) = s exp |
®) = 357500 *P | 33, ooo>

The pressure exerted by a given propellant charge is distributed Weibull
with parameters 3 =2 and n = 18,000 psi, i.e., the stress density
function is

2
= 2 / 8 > /s .,
8) = 137500 \ 18,000, P ’ '\18,000> |

Find the reliability of this class of rocket motors when propelled by
the above type charge.

Define

. _ L -8\
¢ = f(S)ds = 1-F(S=8) = exp-.\ 20,600 /

A-59
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and
('B

2.
- - cl-exp | - B ]
H o f(s)ds = F(s) = 1 - exp LTy 18,000>

Figure A-35 is a table of (H, G) coordinates calculated from several
different stress values. These coordinates are to be plotted to deter-
mine the reliability graphically,

8 H G
0 0 1
5, 000 0.07 0.78
7,000 0. 14 0.7C
10, 000 0.27 0. 61
12,000 0.36 0. 55
15, 000 0.50 0. 47
18,000 0.63 0. 41
20, 000 0.71 0.37
25,000 0. 85 0.29
27,000 0.91 0.26
< 1 0
Figure A-35

Calculated {H, G) Coordinates

(2) Figure A-36 is a plot of these (H, G) coordinates and
the resultant reliability is represented by the shaded area and is numeri-
cally equal to 0.49. (This was obtained by measuring the shaded area.)

d. Examgple - Empirically determined distributions. (1) This
example is the same as the preceding example except that f(s) and {(S)
are not known and reliability must be estimated using observed sample
data for both stress and strength. Bursting strengths (psi) for a sample
of ten rocket motors have been observed. These values li&ted in ac -
cending order, are shown in figure A-37. Also shown areF (S) values
which represent an estimate of the unknown distribution func*ion F(5)

A-b60
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Figure
Plot of (H, G) Coordinates

A-6]




AMCP 702-3

burating strength corresponding to each observed strength value.
(S) is the relative frequency of saraple values which are less than
or equal to S.)

\

S F(3)
14,100 0.10
15,200 0.20
16, 300 C 30
16,600 0.40
17,700 0.50
17.700 0.60
16,800 0.70
19, 000 0.80
20,800 0.99
25,100 1.00

Figure A-37

Observed Bursting Strengths (psi)

(2} Figure A-38 shows a plot of these coordinates and a
smooth curve is ¢rawn to {it the trend of the points. 7This curve, ?(S),
is used as an estimator of the F(S) function,

(3) The exerted pressures (psi) observed from a sample
of twenty propellant charges of a given type are shown, in ascending
order, by figure A-39, Also shown are estimates, ,I?’(s), of F{s) for
each observed strese value.

(4) Figure A-40 shows a plot of these coordinates ar? a

curve drawn through the trend of the points. This curve, F(s)}, is
an estimate of the F(s) function.
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! 5000 000 15000 20000 25000
Strength - B.S.\.

Figure A-38
Estimate of the Strength Distribution Function
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(5) Using the estimated stress and streagth distribution
functions, (H, G) coordinates have been found for assorted stress
values and listed in figure A-41., The values were found as follows:

~
H = F(s)
: A
G = 1.F(S=s)
{
- ~
{- s F(s)
9,200 0.05
10,100 0.108
10, 800 0.15
_ 11,800 0. 20
: 12,100 0.25
' 12,200 0. 30
12,300 0.35
. 14,100 0. 40
! 14, 800 0. 45
i 15,000 0. 50
i 15,400 0.55
16,200 0. 60
16,800 0. 6%
17,290 0.70
17,200 0.75
17,800 0. 80
18,300 0. 85
18,500 0.90
18,700 0.95
19,100 1.00
Figure A-39

Observed Stresses (psi)

(6) Figure A-42 ig a plot of these (H, G) coordinates and
the resultant reliability is represen